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Preface 



In the previous book, Development - the molecular genetic approach, in 1992, 
we wrote: “Our understanding of the molecular basis of development is progres- 
sing at an explosive rate. This leads to a paradoxical situation. On the one hand, 
students wishing to enter this field need a textbook which contains up-to-date 
accounts of the development of a wide range of different organisms, to allow 
them to choose an organism or system to study. On the other hand, it is almost 
impossible for one or few persons to write a textbook which does justice to a 
field which is progressing so fast. We offer here a solution to this paradox, a 
book written by 40 different laboratories on 35 different subjects, edited by us 
to give a uniform format and style. The goals of the book are to cover key con- 
cepts, key approaches, and many of the key systems. We have chosen a broad 
range of subjects relevant to the molecular genetic study of development, from 
virus assembly and microorganism development to the programming of flower 
structure. Drosophila, nematode, and mammal cell differentiation. We are proud 
to have been able to attract many of the best scientists in these different fields 
to contribute to this book.” 

Seven years later the field is still exploding and it is impossible to see 
whether there is only one common pattern of development in different biologi- 
cal systems or many. A unifying theory of development, if such a thing exists, is 
still unknown. Therefore, we have again produced a book with 32 chapters writ- 
ten by experts on many model systems, from phages to man. 

What is new is the wide recognition that in many organisms not only are 
genes important, but there is also epigenesis, as evidenced by genomic imprint- 
ing in mammals, as well as an environmental regulation of development. This is 
underlined in the title of this book as well as in many chapters. 

The reader will realize that there is no unique genetic nomenclature among 
the different organisms. Since this may cause some confusion, we have specified 
whether a name refers to a gene, a protein or a mutant. The interested reader 
may consult the latest Genetic Nomenclature Guide, published by Trends in Ge- 
netics and distributed to subscribers with the March 1995 issue. Although we 
have tried to avoid technical terms as much as possible, there are still some 
terms that may not be familiar to all scientists interested in developmental biol- 
ogy. Therefore, we attach a Glossary at the end of the book for those technical 
terms that could not be avoided. 

We hope to have produced a textbook which will be useful to both students 
and researchers. We would like to thank the staff of Springer- Verlag for the ac- 
curate preparation of this book. 

April 1999 V.E.A. Russo, D.J. Cove, L. Edgar, R. Jaenisch, F. Salamini 
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1 Virus Assembly and Morphogenesis 

Peter G. Stockley and Nicola }. Stonehouse 



1.1 

Introduction 



1 . 1.1 

Viruses as Model Systems for Development ^ 

This chapter will deal with the assembly of 
macromolecular complexes, in particular the as- 
sembly and dynamics of simple viruses. At first 
glance this may seem an unusual topic for inclu- 
sion in a discussion of morphogenesis and devel- 
opment. As Monod described in his book Chance 
and Necessity, however, living things can be 
viewed as having two essential properties that 
separate them from the inorganic world. These 
are “reproduction invariance” and “structural 
teleonomy”, or, more simply, the essentially faith- 
ful copying of genetic information in the form of 
nucleic acid sequences and the production of 
structures possessing specific functions. The in- 
terplay between these two properties is the es- 
sence of developmental studies and is illustrated 
elegantly by simple viral systems. 

Viruses are useful experimental systems, since 
their complete developmental repertoire must be 
completed before the formation of progeny 
viruses. This greatly facilitates the application of 
genetic and biochemical techniques to the study 
of viral life cycles. The regulation of viral gene 
expression is at least as complex as many forms 
of cellular regulation. The end products of viral 
infection, namely new virus particles, are them- 
selves structures capable of specific encapsidation 
and protection of the viral nucleic acid, escape 
from the host cell and eventual re-entry into a 
target cell. The process is then repeated, an event 
usually coupled to specific release of the viral nu- 
cleic acid. The different steps in the viral life cy- 



cle can be viewed as developmental stages. Stud- 
ies of viruses have advantages over larger-scale 
developmental systems because, in many cases, 
their molecular structures are known, some to 
atomic resolution, and they can easily be followed 
within infected cells. In recent years. X-ray crys- 
tallography has been used to determine the struc- 
tures of increasingly sophisticated viral struc- 
tures, including the orbivirus. Blue Tongue, a 
member of the larger class of reoviridii. In the 
same period cryoelectron microscopy and image 
reconstruction techniques have dramatically ex- 
tended the range of structures known at roughly 
molecular resolution. This has allowed the dy- 
namic properties of viral structures to be charac- 
terized and information obtained on particles 
with less than perfect symmetries. 

The study of viruses therefore allows us to in- 
vestigate some of the properties of developmental 
systems at the molecular level, with every confi- 
dence that, although chemical details will vary, 
similar principles will be seen to operate in more 
complex organelles and even organisms them- 
selves. 



1 . 1.2 

Self-Assembling Systems: Molecular Ontogeny? 

Development leads to the formation of novel bio- 
logical entities, very often possessing properties 
and functions which appear to be more than the 
sum of their component parts. Viral systems dis- 
play similar properties, yet it can be shown that 
the properties of the whole are simply the result 
of a series of specific recognition events between 
macromolecules. If this is true for viruses, then it 
is potentially also true for the development of 
more complex systems such as sub-cellular organ- 
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dies, and even the anatomies of higher organ- 
isms. The problem reduces to one of identifying 
the specific interactions involved in the formation 
of complex structures and how these lead to nov- 
el biological functions. The information required 
to build such complexes is clearly an inherent 
property of the macromolecules involved and, 
although it is entirely encoded within nucleic acid 
sequences, it is dependent on the interactions be- 
tween macromolecules and the solvent, namely 
water. Biological structures have evolved and are 
expressed in defined solvent conditions. This is a 
point often ignored. 

One of the most striking examples of “molec- 
ular development” in this sense is the sponta- 
neous self-assembly of macromolecular com- 
plexes. The driving forces for such assembly reac- 
tions are identical to those causing proteins to 
fold into defined globular structures, namely the 
large number of non-covalent interactions be- 
tween specific functional groups and small mole- 
cules, particularly water. Many viruses demon- 
strate spectacular abilities to self-assemble in vi- 
tro from the isolated and purified viral compo- 
nents. Furthermore, such reassembled structures 
appear indistinguishable in terms of physical, 
chemical and biological properties from those pu- 
rified from the usual host. The simplest conclu- 
sion is that such structures normally self-assem- 
ble in vivo and that the presence of other cellular 
macromolecules does not interfere with this pro- 
cess. Assembled complexes very often have prop- 
erties which the individual components do not 
and, therefore, it is not surprising that viruses 
have evolved mechanisms to control and regulate 
the timing of such assembly reactions, and hence 
the appearance of new functions. 



1.1.3 

General Principles of Virus Organization ^ 

As Crick and Watson pointed out, the essential 
feature of simple viruses is the protection of the 
viral nucleic acid between rounds of infection. 
The protective shells of many simple viruses, that 
is, those containing only relatively short nucleic 
acid molecules and, hence, few genes, are com- 
posed entirely of proteins; either a single polypep- 



tide species or a small number of different ones. 
Genetic economy thus leads to viral shells (cap- 
sids) composed of multiple copies of this poly- 
peptide(s), and this, in turn, implies that viral 
capsids should be highly regular in their struc- 
ture. 

Implicit in this argument is the idea that the 
specific non-covalent contacts made by the viral 
coat proteins are identical throughout the viral 
shell. Caspar and Klug investigated the structural 
principles of such viral capsids and showed that 
only two geometrical forms allow such repeat uni- 
form contacts to be made, that is, structures in 
which the subunits are each in equivalent envi- 
ronments. These are the helix and the icosahe- 
dron, which permits use of the maximum number 
of subunits around the surface of a spherical con- 
tainer. The structures of simple viruses do indeed 
turn out to conform to one or other of these two 
forms, and more complex viruses, such as those 
enclosed in membranes, have been shown to con- 
tain regular nucleocapsids based loosely on heli- 
cal or icosahedral symmetry. 

The fundamental principle of virus architecture 
is the construction of a large defined structure 
(the viral capsid) from smaller subunits in a pro- 
cess similar to an industrial assembly line. This 
type of organization allows a high degree of bio- 
logical control at every level of the construction 
so that if mistakes occur they can be rejected. 
The result is that very complex assemblies can be 
built with high efficiency. In a regular structure 
all the subunits (or small subassemblies) are 
equivalent and each can be thought of as an 
asymmetric unit. Figure la illustrates the packing 
of a regular array of asymmetric units forming a 
close-packed plane net. The points of contact be- 
tween the units can be considered equivalent to 
inter-subunit bonds. Although there are six bond- 
ing sites (A-F) there are only three types of 
“bonds”, namely, AD, BE, and CF. Figure lb 
shows what happens when the paper containing 
the array is rolled into a cylinder. The result is a 
helical array of the asymmetric units, which 
maintain their “bonding” interactions. In practice, 
when protein subunits form such contacts the act 
of forming the helical array would deform the in- 
teractions slightly. Caspar and Klug adopted the 
term quasi- equivalent to describe the subunits in 
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Fig, 1 , a Close -packed array of asymmetric units in a pri- 
mitive plane net (i.e.^ without rotational symmetry but pos- 
sessing translations in the a and b directions). Each sub- 
unit has six bonding sites A-F, but there are only three In- 
tersubunit “bonds'", AD, BE, CR b The plane net of a can 
be rolled up to form a cylindrical surface which produces a 
helical array of subunits but does not alter the geometry of 
the “bonding" pattern, (Caspar and King 1962) 




Fig. 2. Arrangement of non -symmetrical polygons accord- 
ing to icosanedral symmetry. Each unit makes identical 
contacts with its neighbours and there are 60 units in the 
sheik (Caspar and King 1962) 



such an arrangement. Although the symmetry 
may no longer conform to mathematical perfec- 
tion, the structural principle of maximising iden- 
tical inter-subunit contacts is preserved. 

The second type of viral capsid results in the 
formation of an essentially spherical shell. Caspar 
and Klug argued in favour of an icosahedral ar- 
rangement of protein subunits in such shells on 
the grounds of genetic economy; the more sub- 
units allowed to enclose the viral nucleic acid, the 
smaller they could be, and hence the smaller the 
nucleic acid required to encode them. As for a 
helical array, the construction of an icosahedral 
shell does not require any underlying symmetry 
in the viral subunit. In their attempts to under- 
stand the implications of efficient packaging and 
genetic economy, Caspar and Klug realized that 
these were both aspects of the fundamental prin- 
ciples involved with the optimum design of a 
shell. The result of their studies is an elegant de- 
scription of all possible viral capsids having ko- 
sahedral symmetry. For our purposes, it is suffi- 
cient to know that the analysis results in a de- 
scription of icosahedral shells in terms of their 
triangulation number (T), essentially the ways in 
which it is possible to cover the surface of a 
sphere with triangular units (see Fig, 2). Shells 
are allowed which have multiples of 60 subunits 
according to the formula 60T, where T can be eg 
1, 3, 4, 7 and so on. Hence, Tomato Bushy Stunt 
Virus (TBSV) and bacteriophage MS2, both of 
which have shells containing 180 identical coat 
proteins subunits, are examples of T=3 capsids. 
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This implies that the subunits are able to adopt 
three distinct quasi-equivalent conformations, a 
prediction spectacularly borne out when in 1978 
Harrison and coworkers were the first to deter- 
mine the structure of a virus to atomic resolution 
using X-ray crystallography (see Sect. 1.2. 1.2). 

1.2 

Molecular Mechanisms of Viral Assembly 

We will now discuss a number of examples of vir- 
al morphogenesis in detail. In each case the basic 
principles of shell construction discussed above 
can be seen to underpin many of the processes in- 
volved. 

1.2.1 

Tobacco Mosaic Virus, a Helical Rod^ 

Our first example is of a simple helical virus. To- 
bacco Mosaic Virus (TMV) is a helical, rod- 
shaped particle, 3000 A long by 180 A wide, with 
a central hole of 40 A diameter. It is comprised of 
essentially 2130 copies of a single coat protein 
subunit, which encapsidate a positive-sense, sin- 
gle-stranded RNA molecule of 6390 bases. The 
virus particles are stable over periods of several 
decades during which time they remain infec- 
tious, implying that the RNA, which on its own is 
normally very sensitive to degradation, remains 
intact. The structure of the particle depends 
largely on the coat protein, and the protein alone 
can be induced to form helical rods of similar 
size and shape to the virus. These protein assem- 
blies are not as stable as the intact virion, how- 
ever, implying that in the virus, RNA-protein in- 
teractions act to stabilize the structure, which is 
shown schematically in Fig. 3. As might be ex- 
pected from the helical arrangement, there is es- 
sentially no secondary or tertiary structure in the 
RNA component, rather the RNA exists as an ex- 
tended helix buried in successive layers of the 
coat protein. Each protein subunit is associated 
with three nucleotides of the RNA and hence the 
RNA-protein interactions are not sequence-specif- 
ic. This is clearly not the whole story, since both 
in vivo and in vitro only TMV RNA is packaged 
efficiently by the coat protein. The control and 



VIRAL RNA 




Fig. 3. Schematic representation of Tobacco Mosaic Virus 
showing the helical arrangement of coat protein subunits 
which encapsidate the RNA (dark grey) 

regulation of packaging specificity is a good ex- 
ample of molecular development. 

In vitro the TMV coat protein subunit self-as- 
sembles into a series of oligomeric structures. 
The exact nature of the aggregate present depends 
on the solvent conditions in a strictly defined way 
such that a phase diagram can be produced of the 
various forms (Fig. 4). A particularly important 
oligomeric form is the disk. Disks can be crystal- 
lized and their structure has been determined to 
atomic resolution by X-ray diffraction techniques, 
revealing a two-layered protein complex with 17 
coat protein subunits per layer, approximating the 
organization of the coat protein subunits in the 
virus itself. 

Klug and colleagues have proposed that the 
disk can undergo a conformational change to 
form a lock washer by a simple dislocation from 
the closed disk form. Such a structure then has 
growth points at both top and bottom, which 
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Fig. 4. States of aggregation of TMV protein under defined the protein such as disks, lock washers, single helices and 
conditions (phase diagram) showing the various forms of A protein. (Durham et al. 1971) 

could be extended symmetrically to generate a length of rod. Clearly, the extent of polymeriza- 
helical array (Fig. 5). Dislocation of a disk to gen- tion is determined by the length of the RNA en- 
erate the lock washer form might then be imag- capsidated. In effect, the RNA acts as a molecular 
ined to act as an initiation event leading to the ruler defining the size of the final capsid. One 
self-assembly of a helix. Specificity can be intro- problem the virus faces during assembly is the re- 
duced into this scheme by supposing that the in- moval of secondary and tertiary interactions from 
teraction between TMV disks and some element the viral RNA. Detailed mechanistic studies show 
of secondary or tertiary structure in the viral that both 5 ' and 3' termini of the RNA project 
RNA triggers this conversion to the lock washer through the central hole of the growing virus to 
and thus assembly initiation. Indeed, an assembly emerge on the same side of the helical rod 
initiation sequence has been identified roughly in (Fig. 6). Presumably one portion of the RNA is 
the middle of the genomic RNA. Incorporation of closely associated with the viral coat proteins, 
this sequence in recombinant RNA molecules whilst the other passes through the central hole 
leads to their specific encapsidation by the coat seen in the disks. This latter RNA must essentially 
protein into TMV-like structures, supporting the be single-stranded allowing the new RNA-protein 
idea of a sequence-specific assembly initiation fol- contacts to be made at the growing assembly 
lowed by a non-specific encapsidation reaction. point without concomitant removal of other inter- 
Once the assembly has been correctly initiated, actions, which must occur progressively as the 
helical symmetry allows for the production of any RNA is taken up through the hole. Assembly in 
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Fig. 5. Proposed mechanism of TMV 
assembly involving dislocation of the 
symmetrical two-layer disk to form 
the lock washer^ which is then able 
to form nicked helices, which then 
anneal to form the final structure 









Fig* 6* Electron micrograph of an assembly reaction of 
TMV viewed in negative stain showing the two ends of the 
viral RNA emerging form the same end of the growing 
virus. (Lebeurier et al. 1977) 





the Other direction is also believed to occur by 
addition of either individual lock washers or A 
protein aggregates (see Fig* 4)* 

The three-diinensional structure of the^ entire 
virus particle has been determined to 2.9 A reso- 
lution by X-ray fibre diffraction techniques* This 
has allowed the results described above to be un- 
derstood in molecular detail* The protein subunits 
in the virus make essentially the same lateral pro- 
tein-protein contacts as seen in the crystal struc- 
ture of the disk, i*e*, within one layer* The axial 
contacts are dramatically different, however, con- 
firming the idea that dislocation of the disk must 
occur during viral assembly. There are multiple 
protein-nucleic acid contacts, as expected. Model- 
ling of the different bases at the sites of interac- 
tion with protein has suggested that the basis of 
packing selectivity relies on favourable RNA-pro- 
tein interactions between the coat protein and the 
residues of the assembly initiation site. 
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1 . 2.2 

Simple Viral Shells Based on Icosaliedral 
Symmetry 

There are relatively few examples of simple 
viruses based on 1 shells. Where they have 
been isolated they often comprise satellite viruses 
unable to package sufficient nucleic acid to en- 
code all the gene functions required for indepen- 
dent replication. Very little is known about the as- 
sembly of such ^’'perfect” icosahedra, but presum- 
ably the assembly pathway follows the precepts of 
quasi -equivalence closely 

r=3 capsids: 

The RNA bacteriophages 

RNA bacteriophages of £, coli have been extensively 
studied since their discovery in the 1960s as models 
in which the details of viral RNA replication and 
translational control can be dissected. More re- 
cently the X-ray crystal structures of several exam- 



ples have been reported, enabling the detailed mo- 
lecular genetic data to be coupled with an under- 
standing of phage morphogenesis, 

RNA phages are categorized into one of four 
subgroups (I-IV) on the basis of their genomic 
organisation and serological characteristics. Here 
we will concentrate on phage MS2 (male -specific, 
fraction 2), a member of Group 1, MS2 has a 
phage capsid based on a T=3 surface lattice, con- 
taining 180 copies of a 129 amino acid coat pro- 
tein subunit. There is also a single copy of a mi- 
nor structural component, the A or maturation 
protein. The X-ray structure of MS2 shows that 
coat protein subunits are arranged as non-cova- 
lent dimers on a T=3 surface lattice (Fig. 7a), As 
predicted by quasi-equivalence, there are three 
conformations adopted by the coat protein sub- 
units, A, B and C, thus creating two types of di- 
mer in the capsid, A/B and C/C, The conforma- 
tional differences between subunits are localized 
to a loop of polypeptide connecting the F and G 




Fig, 7, a Cartoon representation of the MS2 RNA phage 
capsid, an example of a T=3 surface lattice. Essentially 
each of the 20 facets encompassed by the 60 vertices of an 
icosahedron is subdivided into three triangular sections, 
b An expanded view of the asymrnetric unit showing how 



the coat protein subunits are packed as non- covalent di- 
mers into quasi -equivalent positions thus generating two 
types of dimer, A/B and C/C, which interact via the FG 
loops at the particle axes. (Courtesy of Karin ValegSrd and 
Adrian Ellison) 
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Fig* 8* a Sequence and secondary structure of the MS2 
translational operator and assembly initiation signal* Num- 
bering is relative to the start of the replicase cistron (+1). 
Residues essential for sequence- specific contacts are high- 
lighted. b Cartoon showing the X-ray structure of the 



operator RNA bound to an A7B dimer such that residues in 
the tetraloop interact only with the A subunit whilst A-10 
in the stem interacts only with E. (Courtesy of Karin Vale- 
gard and Adrian Ellison) 




Fig* 9* Proposed assembly pathway for formation of the 
MS 2 capsid. Formation or stabihiation of the B protein 
conformer via interaction with the RNA operator leads to 
formation of the first particle fivefold axis {solid pentagon) 
involving FG loops from five coat protein dimers. The 
loops on the other half of each dimer then act to edit in- 
coming subunits into the correct conformation, C/C and so 
on until the shell is complete* In the absence of the RNA 



^-strands in the tertiary fold^ the FG loop. In A 
and C subunitSj this region has one of two ex- 
tended conformations^ whilst in B subunits it is 
folded back towards the body of the protein* FG 
loops from neighbouring dimers in the capsid 
come together at particle symmetry axes, A and 



the assembly can be driven by increasing the protein con- 
centration, which also increases the number of subunits 
having the cis isomer at Pro7S and thus being able to nu- 
cleate the process. The solid triangles indicate the positions 
of the particle threefold axes. The figure shows how two 
A/B dimers, positioned around an initial fivefold axis, 
would provide a binding site for a C/C dimer, thus creating 
the asymmetric unit of the capsid 



C-type loops interdigitating af threefold {pseudo 
sixfold) axes and B-type loops at fivefold axes 
(Fig* 7b). This situation is dose to that originally 
envisaged by Caspar and King in that most of the 
intersnbunit contacts involve minor side-chain 
conformational adjustments* 
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Understanding the molecular mechanism of 
self-assembly in this system involves determina- 
tion of how assembly is initiated and how the FG 
loops adopt the correct conformation at each 
point in the growing T=3 lattice. One clue to the 
mechanism comes from the conservation of a 
proline residue at position 78 in the coat protein 
subunits of the RNA phages. In the MS2 capsid, 
this residue is in the standard trans isomeric 
form in A and C subunits but is the relatively 
rare and less stable cis isomer in B-subunits. 
Isomerization of Pro78 is therefore implicated 
in controlling the conformational switching from 
A/C to B. 

Assembly initiation in these systems is believed 
to be coupled to a sequence-specific interaction 
between the phage RNA and a coat protein dimer 
(Fig. 8). This RNA-protein complex actually 
accomplishes two roles for the phage. Firstly, it 
leads to translational repression of the phage 
replicase cistron because the initiation codon is 
sequestered into the complex with coat protein. 
Secondly, the complex serves to mark the phage 
RNA for capsid self-assembly, thus ensuring faith- 
ful packing of the correct RNA. This translational 
repression complex has become a paradigm for 
sequence-specific RNA protein interactions and a 
great deal of progress has recently been made in 
understanding its molecular basis. The operator 
RNA fragment binds asymmetrically to A/B 
dimers, the bulged adenosine residue in the stem 
(A- 10) interacting with only the B subunit. In 
vitro reassembly experiments suggest that this 
interaction is critical for correct assembly imply- 
ing that formation or stabilization of the B con- 
former is rate-limiting. This gives rise to a plausi- 
ble defined pathway for assembly (Fig. 9) involv- 
ing the formation of an initial fivefold axis. 
Subsequent coat protein dimers can then be 
added to the growing shell and edited into the 
correct conformations by local interactions be- 
tween FG loops. 

2. Tomato Bushy Stunt Virus (TBSV)^ 

The structure of this RNA virus was the first to 
be determined to atomic resolution by X-ray crys- 
tallography. Figure 10 shows a cartoon represen- 
tations of the structure of the virus capsid. As 



with the RNA phages, the viral coat protein sub- 
units pack in the capsid as non-covalent dimers, 
interacting with each other mostly via a hydro- 
phobic interface between the projecting (P) do- 
mains (Fig. 10 b, c). The P domain is connected to 
the rest of the polypeptide via a short hinge re- 
gion, which leads to a second globular domain 
(S), which forms the shell of the virus. N-termi- 
nal to the S -domain is an extended region of 
polypeptide, the arm, which stretches towards the 
centre of the virus particle. N-terminal to this re- 
gion is a globular domain of 40 residues rich in 
positively charged amino acids, termed the R-do- 
main because of its close association with the 
viral RNA. As predicted by quasi- equivalence, in 
the viral shell these coat protein subunits adopt 
three distinct conformations. A, B and C; how- 
ever, the nature of the conformational differences 
is distinct from that seen in the RNA phages. In 
TBSV conformers, the globular folding of the S- 
or P- domains remains essentially identical; what 
does alter, however, is the orientation of the two 
domains relative to each other. This is achieved 
by conformational changes at the hinge region. 
The conformation adopted by the N-terminal 
arms is also dramatically different between the 
different quasi-equivalent subunits. In A/B type 
dimers, the polypeptide comprising the arms 
leaves the underside of the S-domain and imme- 
diately runs into the interior of the particle. How- 
ever, in C/C type dimers the arms form an extra 
strand of ^-sheet along the underside of the S-do- 
main, running past each other to the particle 
threefold axis (where C/C dimers contact each 
other). Here they form an unusual element of sec- 
ondary structure with the arms from the symme- 
try related C/C dimers. This structure (Fig. 11) 
has been termed the yS-annulus because the resi- 
dues involved are essentially in a strand confor- 
mation. After the ^ff-annulus the polypeptide chain 
again runs into the centre of the particle. 

Assembly experiments with the close homolo- 
gue Turnip Crinkle Virus (TCV) show that the 
purified viral components will self-assemble in vi- 
tro in an RNA sequence-specific fashion, via for- 
mation of an assembly initiation complex com- 
prising three coat protein dimers which bind to 
specific RNA sequences. The assembly initiation 
signal has been localised to a stem-loop structure 
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Fig. lOa-d, Structure of TBSV. a Linear arrangement of do- 
mains in the polypeptide chain^ numbers refer to amino 
acid sequence, b Overall fold of the subunit showing the in- 
ternal RNA -bin ding domain (R) and the flexible arm (a)^ 
the domain which forms the connected shell of the virus 
(S) and the projecting domain (P)* c Packing of subunits in 
the viral shelf the cylindrical projections showing the in- 
teraction of neighbouring P domains, d Cartoon of a cross- 
section through the virus ^ h represents the hinge region be- 
tween S and P domains 



3' to the coat protein gene, a situation analogous 
to that in the RNA phages. The stoichiometry of 
this sequence- specific RNA- protein complex sug- 
gests that the proteins are of the C/C type, inter- 
acting via a single //-annulus. In principle, this is 
all the information needed to ensure correct cap- 
sid formation, since the free N -terminal arms on 
each of the dimers of the complex are correctly 
positioned to form the next //-annulus in the 
structure as more coat protein dimers add to the 
growing shell. The region between the C/C dimers 
in the complex can accept dimers of the A/B type, 
thus correctly positioning curved or flat subunit 
dimers to create a shell of the correct size and 
symmetry (Fig. 12). After formation of the assem- 
bly initiation complex, ail further RNA-protein in- 
teractions must essentially be non -sequence -spe- 
cific. 




Fig. 1 L Schematic representation of the annulus, which 
forms at particle threefold axes and may act as the switch- 
ing signal for incoming coat protein dimers during assem- 
bly 
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Fig, 12* Representation of the model for TCV self-assembly 
via formation of an assembly initiation complex {top), 
which consists of six coat protein subunits interacting via 
formation of a /i-annulus (see Fig, llj in response to specif- 
ic RNA sequences- This is followed by addition of further 
coat protein dimers {middle and bottom) from solution in a 
process akin to crystallization such that dimers are cor- 
rectly placed at A/B sites {dear subunits) or C/C sites 
{shaded). (Sorger et al. 1986) 



3, with Higher Triangulation Numbers: 

Breaking the Rules^ 

The rules of quasi -equivalence should apply to all 
viruses. More cornplex viruses have been shown 
to contain both pentameric (pentons) and hex- 
americ (hexons) aggregates of capsid protein, Ele- 
ments of the rotavirus capsid show five- and six- 
fold symmetry even in a structure built of three 
layers, as do the capsids of HSV-1 and adeno- 
virus. 

Until recently, it appeared that polyomaviruses 
broke the rules. These T=7 viruses have long 
been studied for their ability to transform cells in 
culture and induce animal tumours. The shell of 
the polyomavirus SV40 includes of 360 copies of 
the VPl proteinj arranged as 72 pentamersj which 
is not an arrangement which conforms to the the- 
ory of quasi-equivalence, i,e„ there are apparently 
fivefold pegs sitting in what should be sixfold 
holes. The high-resolution X-ray crystal structure 
of SV40 virions solved the puzzle of how these 
different contacts are made (Fig. 13). 

N-Terminal and C-Terminal Arms. Flexibility pri- 
marily lies in C-terminal arms which extend from 
one pentamer to its neighbor, but which can do 
so in a variety of ways, by turning right or left as 
they leave the body of the subunit Differences 
also exist in the way that pentamers contact each 
other at either pentameric or hexameric axes, the 
former having a more extensive network of inter- 
actions, A VPl monomer consists of an antiparal- 
lel j3-sandwich with N- and C-terminal arms. Five 
VPl subunits form a pentamer, with the subunits 
in close association, which is roughly cylindrical, 
extending up to 250 A from the virus particle. It 
is stabilized by the N- terminal arms of the mono- 
mers, which each contact their neighbouring sub- 
unit within the pentameric structure. 

The structure of the monomer is identical at 
each position in the capsid, except for the C-ter- 
minal arm, which is responsible for the principal 
interpentamer contacts. Each pentamer receives 
five invading arms, one from each of five neigh- 
boring pentamers, and in turn donates five arms 
to surrounding pentamers. The arms can be sub- 
divided into three parts; the C-helix, the C-insert 
and the C-loop, In all cases, the C-insert interacts 
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Fig. 13. Cartoon showing the way that the C-terminal arms 
tie the VPl pentamers together in the SV40 virion. The vir- 
ion shell contains of 360 copies of VPl protein, arranged as 
72 pentamers, 7 of which are shown here. Pentamers are re- 
presented as grey cirdest with the arms as lines. Arms ema- 
nate from a subunit and run into an invaded subunit in the 
direction shown by the arrows. In some cases, the arms 
also form C loops, which are hook-like structures filling 
the gaps between the pentamers. (Redrawn from Lidding- 
ton et al. 1991, by Adrian Ellison) 

directly with the invaded pentamer. The flexibility 
which results in the different contacts is due to 
the C-helix interactions, which permit the differ- 
ent relative orientations of the pentamers. 

Overall Structure, Contacts at pentameric axes are 
more extensive than those involving hexavalent 
pentamers. In the former case, the pentamers sit 
closely together, making extensive, mainly hydo- 
phobic, contacts across their side faces. In this 
way, the capsid can be viewed as being composed 
of 12 pentavalent pentameric units, lying on the 
particle symmetry axes, together with 60 hexava- 
lent pentamers. As a result of their ability to 
break the strict rule of quasi -equivalence, the 
polyoma viruses manage to build a T=7 shell 
from 360 subunits instead of the expected 420 
(7x60), an excellent example of the concept of ge- 
netic economy. 



T4 and ^29 Bacteriophages^ 

Examples of Complex Viruses ^ 

The assembly of double -stranded (ds) DNA bac- 
teriophages has been intensively studied, since it 
is possible to isolate conditional lethal mutants in 
these phages, and this has allowed the details of 
their assembly pathways to be analysed despite 
their complexity. Figure 14 shows schematic re- 
presentations of the structures of bacteriophages 
T4 and ^29. T4 is perhaps structurally the most 
elaborate of a group of dsDNA bacteriophages 
such as lambda, T2, P22, ^29, T3 and T7. We will 
discuss T4 in detail, and also mention some of 
the important features of ^29, since together they 
illustrate very well the principles of building a 
complex structure via a series of ordered stereo- 
specific recognition events between macromole- 
cules, which can be carried out in vitro to pro- 
duce infectious particles. 

J. Bacteriophage T4 

T4 assembly occurs via a number of subassembly 
processes. The end result of one set processes is 
the production of the phage head, whilst the 
others lead to the production of the base plate 
and tail fibre. Each of these requires a specific set 
of virally encoded polypeptides, some of which 
become part of the assembled phage structure 
and some of which do not {Fig, 15). 

Head Assembly and DNA Packaging. Twenty four 
genes are required for phage head morphogen- 
esis, ten of which are structural components 
(Fig, 15 a), The major head capsid protein is the 
product of the phage gene 23 (gp23). This is solu- 
bilised by association with gp3l, and head assem- 
bly occurs after formation of an assembly initia- 
tion complex. The capsid assembles into an kosa- 
hedral shell, which is elongated along a fivefold 
axis, a modified T=23 structure. Once polymeriza- 
tion is complete, both the major capsid protein, 
gp23, and gp24, which is associated with the cap- 
sid vertices, undergo proteolytic maturation. 
These proheads undergo expansion during matura- 
tion and further proteins, such as gphoc and gpsoc, 
are added to the structure at this point. The neck 
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and portal vertex of the head is the point of attach- 
ment to the tail fibre. This structure is complex and 
consists of the portal vertex formed by a disk of 12 
gp 20 proteins, which seem to be involved in the 
next assembly step of DNA packaging. This vertex 
also contains a series of six whiskers made up of 
ISgpwac molecules, which serve as environmental 
sensors during binding of the target bacterium, 
and a number of other protein components. 

Replicating phage DNA exists as long multiples 
of a single genomic molecule, presumably gener- 
ated by a rolling-circle type of replication mecha- 
nism. Phage proteins which associate with the 
particle, but are not structural components, func- 
tion in part as nucleases ensuring the packing of 
single genomic copies. Once the head has been 
correctly packaged, other proteins associate and 
make it competent for joining to tail assemblies. 



Baseplate and Tail Assembly. The baseplate and 
tail fibre is apparently a unique structure re- 
stricted to the bacteriophages. However, its as- 
sembly represents an elegant example of how the 
regulation of protein self-assembly can control the 
formation of morphogically and functionally 
complex organelles. 

Assembly of the baseplate and tail requires at 
least 31 phage gene products, 26 of which are 
found as structural components in the completed 
tail (Fig. 15b). Most of the proteins are required 
for baseplate assembly. The baseplate performs 
the vital biological function of triggering collapse 
of the tail fibre, leading to injection of phage 
DNA into a target bacterium. During assembly of 
the baseplate five major structural proteins associ- 
ate sequentially into a complex, characterized by 
its sedimentation coefficient of 15 S, which is 
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Fig. 15 b. Assembly pathways for both the hub and wedge parts of the baseplate, and the steps in tail assembly, showing 
the positions of genes for tail and tail fibre synthesis and assembly 



equivalent to a l/6th wedge of the final hexagonal 
baseplate. Gp 53 converts this 15 S complex into a 
form which polymerises into a 70 S hexagon. The 
hexagon assembles around a central plug, which 
comprises a 22 S complex of a number of viral 
proteins. Once the baseplate has reached this 
point, gp 12 forms the short fibres which contact 
the target bacterium. At this point gps 9, 48 and 
54 add sequentially converting the baseplate into 
an assembly initiator for tail tube polymerization. 

The tail tube is formed by polymerization of 
gp 19 and proceeds irreversibly until 24 annuli, 
each comprising six subunits, have been formed. 
Gp 3 then adds to the end of the assembled tube. 
The exact mechanism of tail tube length determi- 
nation is unknown but it is thought that the 
structure of gp 19 is progressively distorted dur- 
ing polymerization, eventually leading to the loss 



of a site for further polymerization (another 
example of a molecular ruler, see Sect. 1.2. 1.1). A 
tail sheath composed of gp 18 is then added on 
the outside of the tube. Assembly of the sheath 
can only begin after the tube polymerization has 
started, and terminates at the end of the tube. 
Sheath assembly is reversible until gp 15 func- 
tions by anchoring the ends of the tube and 
sheath together, producing the attachment site for 
head assembly. The final step in this process is at- 
tachment of the tail to the head containing the 
packaged DNA. 

2. Bacteriophage (j)29 

(j)29 of Bacillus subtilis is a smaller, less complex, 
but phenotypically similar bacteriophage to T4 
and has been the subject of many recent studies 
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on the assembly of double-stranded DNA bacte- 
riophages (Fig. 14b). Like T4 and many other 
viruses, (j)29 DNA is packaged into a preformed 
procapsid during the assembly process. In con- 
trast, however, (j)29 encodes a small, 120 nt RNA 
molecule (pRNA) which has been shown to be in- 
volved in DNA packaging, although it is absent 
from the mature virion. 

pRNA has two domains; one essential for bind- 
ing to the portal vertex of the procapsid and a 
second for DNA packaging. The former motif in- 
cludes unpaired regions of the molecule, the latter 
is a helical region, where the Watson-Crick base- 
pairing appears critical for packaging of the DNA. 
Six pRNA molecules are thought to be involved in 
the DNA packaging, interacting via the unpaired 
regions in the pRNA molecules, and there appears 
to be a magnesium ion-induced conformational 
change on pRNA-portal vertex binding. A model 
has been postulated which draws on earlier ideas 
to explain how this system packages DNA as an 
ATP-dependent “motor”. Since the procapsid of 
^29 has elongated T= 3 symmetry, there is a sym- 
metry mismatch between the fivefold axis of the 
procapsid and the sixfold symmetry of the portal 
vertex/pRNA complex. It has been suggested that 
this drives the packaging event, although the pre- 
cise mechanism is unknown. 



1.3 

Evolutionary Considerations^ 

The three-dimensional structures of biological 
macromolecules are generally conserved over far 
larger time spans than their primary protein se- 
quences. This was emphasized for virus struc- 
tures when the X-ray crystal structures of the first 
three such structures at atomic resolution, TBSV 
(T=3), Southern Bean Mosaic Virus (T=3) and 
Satellite Tobacco Necrosis Virus (T=l) became 
available. The results revealed a striking conserva- 
tion in the overall fold of the polypeptide forming 
the shell which encapsidates the viral RNA (S-do- 
main for TBSV; see Fig. 10). This fold consists of 
an eight- stranded /^-barrel, which presents a shal- 
low, curving protein face to the inside of the viral 
particle, namely, towards the RNA. This three- 
dimensional structural similarity had not been 



predicted on the basis of amino-acid sequence 
homology and suggested that this motif was in- 
volved in either RNA recognition or self-assembly 
or both. A similar fold was then observed in all 
three of the major coat protein subunits (VPl, 
VP2 and VP3) of the picorna viruses, polio and 
human rhinovirus. Once again, this had not been 
detected at the amino acid sequence level. 

Three-dimensional protein structures can be 
used to compare proteins even when amino acid 
sequences have diverged greatly. In homologous 
structures, differences tend to correspond to dele- 
tions and insertions, whilst the overall folding 
motif is preserved. The number of such changes 
is an indication of the degree of evolutionary di- 
vergence. Viral coat protein genes are usually the 
least conserved element of viral genomes in se- 
quence comparisons, which makes the degree of 
similarity in the tertiary structure of icosahedral 
viral capsid proteins even more remarkable. Ex- 
amination of sequence conservation among the 
most conserved viral elements, namely the poly- 
merase/replicase genes, can be used to construct 
an evolutionary tree for plant, bacterial and ani- 
mal viruses. As more viral structures and their 
genomic sequences become available, these com- 
parisons will be expanded, and should allow spec- 
ulations to be made about the nature of the an- 
cestral virus (see, for instance. Smith et al. 1998). 

1.4 

Outlook 

It is widely assumed that the morphogenesis of 
plants and animals depends on the construction 
of a cytoskeleton, itself an assembly of macromol- 
ecules. Thus, even macroscopic biological func- 
tions are ultimately determined by molecular in- 
teractions. Remarkably, the latest data on several 
simple viral systems suggest that actin is an inte- 
gral part of viral structures and morphogenesis. 
It is, therefore, important to extend the work on 
the systems described here in order to under- 
stand fully all their implications for the control of 
morphogenesis. One area that will clearly advance 
rapidly is the determination of the structures of 
simple viruses by X-ray crystallography and elec- 
tron microscopy. This has already allowed us to 
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see the dynamic behaviour of apparently simple 
systems. For example, polio virus has been shown 
to undergo a series of conformational transitions 
allowing the particle to expand significantly and 
then contract presumably as a consequence of 
genomic RNA packaging and viral maturation. 
The recently determined structure of the much 
larger Blue Tongue virus allows us to see how the 
virus is composed of multiple shells, each with 
their own surface lattice symmetry exploiting the 
possibilities of quasi-equivalent macromolecular 
interactions, connected to each other in defined 
symmetry-breaking interactions. 

Important questions still to be answered in- 
volve the evolution of macromolecular assemblies. 
How, for instance, do quasi-equivalent subunits 
evolve? Do such subunits have inherent structural 
flexibility so that they could perhaps form T=l 
or 3 or 4 etc. shells, depending on a few muta- 
tional changes? How is quasi- symmetry broken in 
a defined way in shells which contain deviations 
from ideal surface lattices? How can mutational 
change give rise to complicated “molecular ma- 
chines” such as T4 and ^29, which seem so much 
more than the sum of their parts? For some of 
these systems the combination of an X-ray struc- 
ture and clones of the viral coat proteins should 
allow experiments aimed at addressing these 
questions to begin. 

To paraphrase Clausewitz, biology could be de- 
scribed as chemistry carried on by other means. 
Very often the chemistry of living things is hid- 
den from view. The first secret of life was hidden 
in the three-dimensional structure of DNA. 
Monod described allosteric protein control as the 
second. The interactions between macromolecules 
to generate functional complexes, so beautifully il- 
lustrated by the simple viruses, is a third. It is an 
area of research where progress depends on syn- 
ergic interaction between traditional scientific dis- 
ciplines such as chemistry, genetics and cell biol- 
ogy, which makes it one of the most exciting 
areas for future endeavour. 



1.5 

Summary 

We have seen that in a number of small viral sys- 
tems, apparently purposeful behaviour is the di- 
rect result of well-defined interactions between 
macromolecules. Thus simple viruses, which exist 
on the borderline between the living world and 
the inorganic world, and yet perform many of the 
biological functions characteristic of living sys- 
tems, such as replication and evolutionary 
change, operate solely in terms of the laws of phy- 
sics and chemistry. Viruses are thus a reductionist’s 
paradigm for the behaviour of more complex sys- 
tems. The molecular mechanisms used by viruses 
apparently have close analogues in many areas of 
cellular functioning and it is perfectly possible for 
very complex functions to result directly from sim- 
ple, sequence-specific, non-covalent interactions 
between macromolecules. Genetic information 
should therefore not be seen as merely a collection 
of linear nucleic acid and protein sequences; rather 
it is a spatio-temporal interaction of these se- 
quences with both solvent, i.e., water, and with 
each other. These ideas would not have surprised 
Monod. As one of the founders of the idea that al- 
losterically regulated proteins could coordinate the 
chemical events of living cells, the regulations of 
complex and apparently purposeful morphoge- 
netic events via a series of stereo-specific interac- 
tions between macromolecules would surely seem 
merely an extension of the same theme. 
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2 Spatial and Temporal Control of Gene Expression in Prokaryotes 

Adam Driks 



2.1 Introduction^ 

Bacteria that form multiple, morphologically dis- 
tinct cell types are common throughout nature. 
The large group of bacteria known as myxobac- 
teria, for example, form complex multicellular 
structures called fruiting bodies, which are often 
topped by a set of protruding knobs or stalk-like 
structures. These fruiting bodies harbor a specia- 
lized cell type, called a spore, that can be released 
and go on to establish new colonies. Bacteria of 
the genus Streptomyces, in contrast, grow as long 
entangled filaments, displaying a fungal-like ap- 
pearance. There are several distinct cell types 
within a growing filament. Those at the growing 
ends of the cell chains are a morphologically dis- 
tinct form also called a spore. The formation of 
progeny that are distinct from their parents, as 
are spores and other specialized bacterial cells, re- 
quires distinct programs of gene expression that 
can guide these differentiation events. Bacteria 
must be able to direct the expression of different 
sets of genes at different times and they must ac- 
tivate gene expression in a cell type-specific man- 
ner. They might activate these genetic programs 
in response to specific environmental changes, in 
which case the ensuing differentiation events are 
not obligatory parts of the cell cycle but rather al- 
ternative paths, chosen only when needed. Alter- 
natively, the changes in gene expression may be 
an inevitable part of the cell cycle. These two sit- 
uations pose very different requirements for the 
corresponding mechanisms of control. We will 
look at two especially well-characterized systems, 
Caulobacter crescentus and Bacillus subtilis, that 
illustrate how bacteria have solved the challenges 
presented by these two life styles. 



C. crescentus has a dimorphic cell cycle in that 
it switches between two cell forms: a flagellated, 
and therefore motile, swarmer cell (Fig. 1 A) and a 
non-motile stalked cell (Fig. 1 B). The stalked cell 
appears when the swarmer cell ejects its flagellum 
and replaces it with a long thin extension of the 
cell body called the stalk. This process is cyclical, 
as the stalked cell will ultimately divide by con- 
striction to pinch off a new swarmer cell 
(Fig. 1 E), which originates from the non-stalked 
pole. C. crescentus is commonly found at low cell 




Fig. 1. C crescentus cell cycle. A represents the flagellated 
swarmer cell. The cell in B has ejected its flagellum and 
built the stalk at the formerly flagellated pole. In C, the cell 
has started to divide. The two response regulatory proteins 
FlbD (D) and CtrA (A) are present in both cells. FlbD is 
unphosphorylated (D), while CtrA phosphorylated (A-P). 
Flagellar gene expression has begun. In A a flagellum has 
assembled on the pole opposite to the stalk. The rows of 
dots represent the positions of FlbE. As a result of FlbE, 
FlbD is phosphorylated exclusively in the swarmer cell (D- 
P). Phosphorylated CtrA is present only in the swarmer 
cell. E and F are the progeny swarmer and stalked cells, re- 
spectively, that arise after cell division 
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density in aquatic environments. Possibly, the 
ability to generate swarmer cells that swim away 
from the vicinity of the sessile stalked cell helps 
to maintain an appropriate cell density. During 
division, after constriction has initiated but be- 
fore it is complete, the two cells are connected, 
forming the predivisional cell (Fig. 1 C, D). A fla- 
gellum assembles at the non-stalked cell pole (the 
new pole) of the predivisional cell. After division 
is complete, the swarmer cell reenters the cycle by 
ejecting its flagellum and building a stalk. The 
stalked cell (Fig. 1 F) goes on to produce new 
swarmer cell progeny. In this regard, the stalked 
cell is similar to a eukaryotic stem cell. The obli- 
gatory progression from swarmer cell to stalked 
cell to predivisional cell and then to cell division 
clearly involves a series of temporally controlled- 
gene-expression and cell-cycle events. Addition- 
ally, the assembly of cell type-specific structures, 
most notably the flagellum, is under subsidiary 
programs of temporal control that branch off the 
main circuit of the cell cycle. Mechanisms of spa- 
tial control must guide the divergent events in the 
two cells of the predivisional cell as very different 
physiological events occur in these two compart- 
ments, including different programs of gene ex- 
pression, macromolecular assembly, and proteoly- 
tic degradation and DNA replication. 

B. subtilis is distinguished by its response to 
starvation. Under nutrient-rich conditions, B. sub- 
tilis divides by binary fission, producing two ap- 
parently identical daughter cells (Fig. 2 A). How- 
ever, when deprived of food, it forms a dormant 
cell type called a spore during a process called 
sporulation (Fig. 2B-F). This spore is much more 
resistant to environmental stress than the Myxo- 
coccus or Streptomyces spores mentioned above, 
as it is able to withstand boiling, freezing, a vari- 
ety of chemical assaults, and the passage of ex- 
treme periods of time. To build the spore, B, sub- 
tilis first partitions off a portion of its own cyto- 
plasm by building a septum towards one pole of 
the cell instead of the usual central position 
(Fig. 2C). This generates a smaller cellular com- 
partment that is destined to become the spore. 
Once the sporulation septum forms, two divergent 
programs of gene expression initiate in each com- 
partment. This event establishes the distinct cellu- 
lar identities of the forespore and mother cell. 



These cells will continue to diverge as develop- 
ment progresses. Subsequently, the smaller cell 
will be engulfed by the larger cell, when the sep- 
tum edge migrates around the forespore compart- 
ment (Fig. 2D). Gene expression in the forespore 
and in the surrounding cell, called the mother 
cell, both contribute to spore formation by direct- 
ing the synthesis of proteins required on the in- 
side and the outside of the spore, respectively. 
The final event in sporulation is the lysis of the 
mother cell and the release of the spore into the 
environment (Fig. 2F). The progress of gene ex- 
pression in the forespore and mother cell is under 
temporal control. Mechanisms of spatial control 
result in the differences between the two cells 
after the formation of the septum and also coor- 
dinate cellular events as development continues. 
Unlike in C. crescentus, in B. subtilis the develop- 
mental program is not an inevitably repeating cy- 
cle but rather an alternate pathway that is chosen 
in response to a specific environmental condition, 
namely starvation. An additional difference is that 
the forespore and the mother cell remain attached 
until the very end, when the mother cell under- 
goes programmed cell death and expels the spore. 
In spite of these basic differences in the architec- 
ture of development in the two organisms, there 
are striking similarities in their mechanisms of 
temporal and spatial control of gene expression. 

Studies in B. subtilis and C. crescentus have 
provided a rich and satisfying picture of the 
mechanisms of gene control that underlie bacteri- 
al development. Although fundamental questions 
remain unanswered in both systems, we can now 
describe, to a significant degree, the molecular 
mechanisms that establish the swarmer and 
stalked cells in C. crescentus and that guide spore 
development in B, subtilis. In this chapter, we will 
discuss the paradigms of temporal and spatial 
control of gene expression that have emerged 
from these studies. 
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Fig, 2A-F, Stages of sporulation in subtilis^ shown as 
electron micrographs of thin sections (on the left) and as a 
diagram (on the right). B represents a cell that is poised to 
either replicate vegetatively (A) or enter sporulation (C), 
After the formation of the asymmetrically positioned sep- 
tum, the forespore is engulfed, thereby forming an interior 
compartment (D). Next (E)j the specialized cell wall, re- 

2.2 

Temporal Control of Flagellar Gene Expression 
and Spatial Control of the Cell Cycle 
in C. crescentus 

2.2.1 

Polar Structures in C crescentus: The Flagellum^ 

The most immediately striking feature of C. cres- 
centus is that at different times in the ceU cycle, 
different structures appear at the cell poles. The 





ferred to as the cortex, forms a grey band that sits between 
the forespore membranes and surrounds the forespore. Sur- 
rounding the cortex is the darkly staining coat. Finally (F), 
the mother cell lyses and releases the mature spore into the 
environment. When nutrient returns to the environment, 
the spore can germinate and resume vegetative growth 



biogenesis of one such structure, the single flagel- 
lum that forms at one pole of the swarmer celh 
has been studied extensively and serves as an im- 
portant model system for temporal control of 
gene expression. The approximately 50 genes that 
encode the flagellar components and flagellar- spe- 
cific transcription factors are organized into a 
regulatory hierarchy of four classes of sequentially 
expressed genes* Studies of the expression of 
these gene sets have revealed two major mecha- 
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nisms that provide temporal control. The first 
mechanism couples the expression of later classes 
to the expression of earlier ones, ensuring a strict 
sequence of gene activation. This mechanism re- 
lies on transcription factors, encoded in earlier- 
activated sets of genes, that direct the expression 
of the later groups of genes. Such a set of coordi- 
nately regulated genes is called a regulon. The 
second mechanism couples gene expression to 
cell-cycle events. 

The temporal control of the flagellar genes re- 
flects the order of assembly of the flagellar com- 
ponents. The flagellum is comprised of three ma- 
jor structures (Fig. 3). The first of these is the fil- 
ament, a long helical structure that acts as a pro- 
peller. The filament can be very long, usually sev- 
eral times the length of the cell body. Almost all 
the filament is composed of a polymer of a pro- 
tein called flagellin. In some bacteria (such as E. 
coli), there is only a single species of flagellin but 
in C. crescentus the filament is built using several 
flagellin subtypes. A cap, which sits at the cell dis- 
tal end of the filament, serves to terminate the fil- 
ament and is required for the assembly of nascent 
flagellin monomers. A set of proteins, called HAPs 
(or hook-associated proteins), connect the fila- 
ment to the next structure in the flagellum. The 
filament is attached to the hook, a flexible cou- 
pling that is connected to the drive shaft of the 
motor. The motor consists of two substructures. 
The most easily observed of these is the basal 




Fig. 3. C. crescentus flagellum. OM refers to outer mem- 
brane, P to peptidoglycan and IM to inner membrane. The 
rings that comprise the basal body (L, P, E MS, and C) and 
the export apparatus are also indicated 



body, a series of disks that surround the drive 
shaft and are in contact with the cell envelope. 
Additionally, there is a set of proteins, associated 
with the basal body, that participate in generating 
rotary motion and in controlling the direction of 
rotation (of which the C-ring is a component) 
and in guiding flagellar subunits from the cyto- 
plasm into the nascent flagellum during assembly 
(called the export apparatus). Not shown in Fig. 3 
are the Mot proteins, which sit in the inner mem- 
brane surrounding the motor and participate in 
generating rotational force. The motor is as- 
sembled first. The hook is formed next, by the 
passage of hook protein monomers through the 
lumen provided by the basal body drive shaft. 
This is followed by the assembly of the filament 
proteins, which transit through the center of basal 
body and hook. As the filament grows, new sub- 
units are added onto the tip. 

2 . 2.2 

The Hierarchical Organization of the Flagellar Genes ^ 

As mentioned above, the flagellar genes are orga- 
nized into a set of regulons known as the class I, 
II, III, and IV genes (Fig. 4). These sets of genes 
are activated sequentially; each class requires the 
activity of the prior class. The class I regulon has 
one known member: ctrA. CtrA belongs to a class 
of proteins called response regulators that are 
members of a superfamily called two -component 
regulatory proteins. These proteins work in pairs: 
typically the DNA-binding response regulator pro- 
tein will modulate gene expression in response to 
phosphorylation by a cognate sensor kinase pro- 
tein, whose activity is often directly coupled to 
some environmental signal. In addition to its role 
in flagellar gene expression, CtrA directs a large 
number of cellular processes that we will discuss 
in a later section (2.2.4). For the moment, the im- 
portant point is that CtrA is required for the ex- 
pression of the class II genes. Among the class II 
genes are those that encode the motor-associated 
proteins as well as the basal body disk that is as- 
sociated with the cytoplasmic membrane (called 
the MS ring, encoded by fliF). Apparently, these 
are the first flagellar proteins to be assembled. 
The class II regulon also contains two genes. 
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Fig. 4. C. crescentus flagellar gene hierar- 
chy. The only known member of the class I 
group, ctrAy is shown. For classes 77, III, 
and IV, only two or three genes in each 
group is shown 
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rpoN and flbD, that regulate the expression of 
genes in classes III and IV. rpoN encodes a- 
factors direct core RNA polymerase to initiate 
transcription from specific sets of promoters. 
Typically, bacteria can synthesize a variety of dif- 
ferent species of sigma factor. This gives them the 
potential to globally alter gene expression in re- 
sponse to changing conditions or the needs of the 
cell cycle by producing alternative sigma factors. 
In addition to transcription from the class III 
and IV promoters requires a response regulator 
called FlbD. The cognate sensor kinase for FlbD is 
FlbE. FlbD becomes phosphorylated exclusively in 
the swarmer cell and, as a result, the class III and 
IV genes are expressed in that cell only. FlbE acti- 
vation does not appear to be contingent on ex- 
pression of the preceding flagellar gene class. In- 
stead, it apparently couples flagellar gene expres- 
sion to something separate from the sequential 
activation of the flagellar regulons. Although the 
signal that activates FlbE is unknown, insight into 
its role has come from sub cellular localization 
studies. FlbE takes up two distinct positions with- 
in the predivisional cell. It forms a collar or disk 
on the swarmer cell side of the point of constric- 
tion (Fig. 1 D) and it is also present where the 
stalk meets the cell body. It is tempting to ima- 
gine that the constriction-proximal location of 
FlbE enables it to phosphorylate FlbD exclusively 
in the swarmer cell. In this view, the FlbE at the 
base of the stalk is not able to activate FlbD. 



2.2.3 

Morphological Coupling of Gene Expression 
and Flagellar Assembly^ 

Because rpoN and/ZbD encode members of well-de- 
scribed families of transcription factors, it is not 
difficult to imagine how they guide gene expres- 
sion. It is interesting to note, therefore, that class 

II genes encoding structural components of the fla- 
gellum are also involved in the control of the class 

III genes. This raises the possibility that the struc- 
ture encoded by the class II genes (the MS ring of 
the basal body) is itself somehow able to partici- 
pate in gene expression. Similarly, the synthesis of 
the class IV gene products may depend on the as- 
sembly of structures encoded by the class III 
genes. This kind of regulation is referred to as mor- 
phogenetic coupling and is known to play an im- 
portant role in the biosynthesis of the flagella of 
Salmonella typhimurium and E. coli. In these or- 
ganisms, the flagellar genes are arranged in a se- 
ries of three hierarchical classes, where activity of 
any class requires the activity of the prior class. 
Some time ago, it was noticed that the expression 
of the class III genes, which encode the filament 
proteins, was repressed in strains missing any 
structural genes specifying basal body or early fla- 
gellar proteins. This suggested that, somehow, the 
presence of a correctly assembled basal body was 
required for the expression of the genes encoding 
the filament. Recent elegant experiments have re- 
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vealed the likely mechanism behind this coupling. 
The activity of the class III genes is under the con- 
trol of a transcription factor, known as FliA or 
encoded in the class II regulon. Also encoded with- 
in this group of genes is a repressor of FliA activity, 
called FlgM. Therefore, the synthesis of the class II- 
encoded proteins results in a stalemate in class III 
gene expression; the activator, FliA, is present but 
is unable to function. FlgM, it was learned, can be 
exported out of the cell through the basal body, 
an event which would free FliA from repression. 
Clearly, this export will depend on the assembly 
of the basal body and will not occur if any of the 
relevant structural components are not synthe- 
sized. As yet, there is no evidence for precisely this 
mechanism in C. crescentus flagellar biogenesis, but 
the precedent for morphogenetic coupling in flagel- 
lar gene expression is now strong and it is not hard 
to imagine that a similar mechanism plays a role in 
C. crescentus flagellar formation. 

2.2.4 

Cell-Cycle Control^ 

Although the sequence of morphological events 
that make up the C. crescentus cell cycle has been 
well documented for some time, the genetic pro- 
gram that guides these cellular changes has re- 
mained obscure. Recently, however, several key 
players in cell-cycle control have come into view. 
A critical protein is CtrA, mentioned above as the 
class I gene product that activates the class II 
genes. CtrA is, in fact, in charge of several key 
cell cycle events in addition to flagellar biosynthe- 
sis. These include the repression of initiation of 
DNA replication in the swarmer cell, the control 
of methylation of the chromosome after replica- 
tion, and the regulation of expression of a well- 
characterized gene required for septation, ftsZ, 
These various roles indicate that CtrA must be 
turned on and off during the cell cycle. It appears 
that this is achieved by phosphorylation, which 
activates CtrA, and by proteolysis, which inacti- 
vates it. In the swarmer cell, CtrA is phosphory- 
lated and the resulting active CtrA represses initi- 
ation of DNA replication. After the swarmer cell 
ejects its flagellum and becomes a stalked cell, 
CtrA is proteolyzed, inactivating it and allowing 



DNA replication to begin. The predivisional cell 
forms next and the level of CtrA rises. The pro- 
tein is activated by phosphorylation and prevents 
reinitiation of DNA replication while the cell is in 
the predivisional stage. At this time CtrA also ac- 
tivates the flagellar genes and the essential gene 
ccrM (required for DNA methylation), and re- 
presses the cell division gene ftsZ, Before the two 
cells of the predivisional cell separate, CtrA disap- 
pears from the compartment that will become the 
stalked cell but remains in the nascent swarmer 
cell. As a result, upon completion of division, re- 
plication can occur only in the newly formed 
stalked cell. 

To understand the central role of CtrA in the cell 
cycle, we will need to know how the protein is ac- 
tivated. Several proteins have been shown to parti- 
cipate in cell cycle control. Recent experiments in- 
dicate that two previously identified proteins, DivJ 
and DivK, are part of a signal transduction path- 
way that results in the phosphorylation of CtrA. 
DivJ is a sensor kinase and DivK is its cognate re- 
sponse regulator. Based on what is known about 
other similar phosphorylation cascades, it is likely 
that an as yet undiscovered protein also partici- 
pates, by transferring a phosphate from DivK to 
CtrA. All these proteins are likely to form a multi- 
component phosphorelay, in which phosphate is 
transferred from one protein in the relay to the 
next, and finally to a terminal acceptor which is a 
principal regulator of gene expression, in this case 
CtrA. Any event that can alter the flow of phos- 
phate through the phosphorelay can modify the 
level of phosphorylation of the final protein in the 
relay. Therefore, the phosphorelay can integrate a 
variety of inputs via activities that regulate, for ex- 
ample, one of the phosphotransferases in the chain. 
As we will see when we discuss B. subtilis, this fea- 
ture of the mechanism allows the phosphorelay to 
act as a computer that helps to decide whether 
the cellular conditions are appropriate for sporula- 
tion. An important future goal will be to discover 
all the components of this signal transduction path- 
way and to learn what signals activate and modu- 
late the cascade of phosphorylation that leads to 
the activation of CtrA. 

Although our focus here is on mechanisms that 
guide gene expression at the transcriptional level, 
it is important to note that a variety of other 
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poorly understood mechanisms, including mRNA 
segregation and proteolysis, are central to the 
maintenance of distinct processes in the two 
chambers of the predivisional cell. Obviously, the 
differing events in the two compartments of the 
predivisional cell impact on the succeeding tem- 
poral events in the two resulting progeny cells. 

2.3 

Temporal Control of Gene Expression 
During Spore Formation in B. subtilis 

2.3.1 

Spore Formation by B. subtilis^ 

The capacity of B. subtilis to form a highly resili- 
ent dormant endospore has motivated several de- 
cades of research into the molecular basis of this 
developmental process. From this body of work, 
we have a relatively detailed view of the temporal 
control of gene expression during sporulation. 
From more recent experiments, a picture of spa- 
tial control during development has emerged. We 
will first consider how the decision to sporulate is 
reached by the cell, then how the sequential acti- 
vation of genes is controlled and finally how spa- 
tial control is established and maintained. 

Sporulation differs from an obligatorily repeat- 
ing cell cycle in that it initiates in response to a 
defined extracellular signal and ends in the for- 
mation of a terminally differentiated cell type. It 
is possible, therefore, to define a beginning to the 
process. Typically, sporulation starts when nutri- 
ent in the environment is no longer available. Be- 
fore the cell can commit to building a spore, how- 
ever, it must confirm that conditions are suitable 
both inside and outside. It does this by sensing 
and assessing a variety of intracellular and extra- 
cellular cues that serve as checkpoints, which 
must be passed before sporulation can begin. 
These include the cell density in the medium, the 
state of the cell cycle, and the presence of an in- 
tact Krebs cycle. These and other signals are inte- 
grated and sporulation begins if conditions are 
appropriate. Many of the details of this decision- 
making process are still unclear, but it is known 
that a multicomponent phosphorelay, of the sort 
that activates CtrA in C. crescentus, plays a central 



role. If the appropriate checkpoints are passed, 
the phosphorelay will phosphorylate a pivotal 
transcription factor called SpoOA which, in turn, 
will direct the expression of critical early sporula- 
tion genes. The B. subtilis phosphorelay is now a 
well-characterized system. The major phospho- 
transferases have been identified, as have a set of 
phosphatases, which act to shunt phosphates away 
from the system. Apparently, the cellular condi- 
tions that act as checkpoints on sporulation can 
modulate the flow of phosphate through the relay. 

2.3.2 

Early Gene Regulatory Events in Sporulation ^ 

The activation of SpoOA by the phosphorelay ini- 
tiates several cellular events within about the first 
hour of sporulation. In particular, it activates the 
expression of two genes, spoIIAC and spoIIGBy en- 
coding the sigma factors and respectively. 
These factors are discussed in more detail in Sec- 
tions 2.3.3 and 2.3.4 and in Fig. 5. Both factors 
are inactive at this point but will become active 
approximately 1 h later, is maintained in an in- 
active state by SpoIIAB, which is encoded in the 
same operon as cr^. is also inactive immediately 
after synthesis but for a different reason: it is 
synthesized as an inactive proprotein that requires 
cleavage of its N- terminal portion for activation. 
Also at this time, the transcription factor ac- 
cumulates and directs the expression of a large 
set of genes, a was present and active prior to 
the initiation of sporulation and more is synthe- 
sized now that the cell has activated SpoOA. 
SpoOA also apparently activates an as yet un- 
known gene that guides the first easily detected 
morphological event in sporulation: the appear- 
ance of an asymmetrically positioned septum, 
which is formed by the second hour of sporula- 
tion (Fig. 2C). Specifically, this undiscovered gene 
directs the septum to form towards one pole of 
the cell instead of at the central site. After the 
SpoOA-directed event chooses the septum site, 
genes under the control of guide septum con- 
struction. The formation of the septum divides 
the cell into two unequal- sized compartments, 
each of which has a chromosome. The smaller 
cell, known as the forespore, will go on to form 




28 A. Driks 



the spore. The larger cell, called the mother cell, 
will dedicate itself to the development of the 
spore and eventually undergo programmed cell 
death when sporulation is complete. Immediately 
after the septum is built, a series of complex 
events restricts the activation of to the fore- 
spore and the activation of to the mother cell. 
The inactive form of which was synthesized 
prior to septation, is still present in both cells 
after septation, but is activated only in the fore- 
spore. Likewise, the inactive form of cr^, pro-cr^, is 
present prior to septation. However, after septa- 
tion, the active form is present exclusively in the 
mother cell. The restriction of activity to the 
forespore and activity to the mother cell sets 
two divergent programs of gene expression in 
motion. We will come back to the mechanisms 
that achieve this cell type-specific control of sig- 
ma factor activity. 

2.3.3 

The Forespore Genetic Program^ 

As stated above, the first conmartmentalized sig- 
ma factor to be activated is (Figs. 5, 6). di- 
rects the expression of a large and still not fully 
characterized set of genes in the forespore that 
are required for events throughout sporulation. It 
activates genes required for the subsequent activa- 
tion of a (such as spoIIR, described below), for 
the engulfment of the forespore in the next stage 
of sporulation (such as spoIIQ) and even a gene, 
required for proper germination (gpr), which is 
not needed during sporulation at all. It also con- 
trols the gene (spoIIIG) encoding the next fore- 
spore sigma factor, a^, to become active. As a re- 
sult of the restriction of activity to the fore- 
spore, is synthesized exclusively in the fore- 
spore compartment. Like and cr^, is inactive 
upon synthesis (Fig. 5). It becomes active only 
after the engulfment of the forespore chamber by 
the double membrane of the septum. Engulfment 
occurs when the edge of the septum, where it 
joins the cell envelope, migrates towards the fore- 
spore pole of the cell and thereby pinches off a 
free protoplast that is unattached to the mother 
cell envelope (Fig. 2D). The mechanism of activa- 
tion is not fully understood, but we do know that 



a protein called SpoIIAB is involved. SpoIIAB also 
plays a role in the cell type-specific activation of 
(7^, as we will discuss below, directs the expres- 
sion of a large set of genes. The best-studied of 
these are the ssp genes, which encode a set of 
DNA-binding proteins called the small acid-solu- 
ble proteins (SASPs) that bind the forespore chro- 
mosome. This interaction allows these proteins 
and the DNA to protect each other from damage 
from a variety of sources. When the spore germi- 
nates, the SASPs will be used as an amino acid 
source, cr^- controlled genes (along with mother 
cell-transcribed genes) are also involved in the 
biosynthesis of the cortex, the thick cell wall that 
sits between the forespore membranes and serves 
to maintain the dehydrated state of the spore core 
(Fig. 2E). Dehydration of the spore core takes 
place at this time in development and, as a result, 
forespore gene expression presumably ceases. 

2.3.4 

The Mother Cell Genetic Program^ 

While these forespore events are taking place, a 
separate but coupled program of gene expression 
is enacted in the mother cell, under the control of 
(7^. (7^-directed genes play a variety of morphoge- 
netic and regulatory roles. Some of the morpho- 
logical events that are under control include 
engulfment (which requires spoIID, spolIM, and 
spoIIP) and the construction of a foundation layer 
at the mother cell side of the septum that permits 
coat assembly (requiring cotE and spoIVA). 
also activates genes encoding regulatory proteins. 
These include bofAy spoIVFA and spoIVFBy which 
will become important later, after engulfment is 
complete (as discussed below). Another cr^-direc- 
ted gene, spoIIIDy encodes a DNA-binding protein 
that works in conjunction with to direct a sec- 
ond phase of mother cell gene expression (Fig. 5). 
This next wave of expression results in the ap- 
pearance of several proteins, including the inac- 
tive form of the next mother cell sigma factor, 
pro-cr^, which is cleaved to the mature form only 
after engulfment of the forespore, directs a 
large number of genes, such as cotD, dedicated to 
the assembly of the coat that surrounds the spore. 
Like the first mother cell sigma factor di- 
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Fig. 5. Control of gene expression during sporulation in B. 
subtilis. The four quadrants represent the forespore after 
septum formation (upper right), the mother cell after septa- 
tion (upper left), the forespore after engulfment (lower 
right) and the mother cell after engulfment (lower left). 
Therefore, the X-axis represents the compartment within 
the sporulating cell and Y-axis represents time, with the be- 
ginning of sporulation at the top. Sigma factors (such as 
cr^) are illustrated and solid arrows point to selected genes 
(such as spoIIID). Dotted arrows indicate signal transduc- 
tion pathways between compartments. Two coat protein 
genes under the control of GerE, cotB and cotC, are indi- 
cated. A diagram of a sporulating cell, with the relevant cel- 
lular compartment shaded, is in the corner of each quad- 
rant 



rects two phases of gene expression. In the first 
phase, the gene encoding the transcription factor 
GerE is expressed. In the second phase, GerE 
works with to activate a final regulon that in- 
cludes several coat protein genes. 



2.4 

Spatial Control of Gene Expression 
During Spore Formation in B. subtilis 



2.4.1 

The Restriction of Activity to the Forespore 

As we have seen, the cascades of gene expression in 
the forespore and mother cell are temporally con- 
trolled by a set of sequentially activated sigma fac- 
tors along with the subsidiary transcription factors 
SpoIIID and GerE. However, in addition to these 
two temporally controlled programs, mechanisms 
of spatial control coordinate events in the two 
cells. They do so in two ways. First, just after the 
sporulation septum divides the cell in two, they en- 
sure that the forespore program activates in the 
smaller cell and that the mother cell program initi- 
ates in the larger cell. Second, after each cell has 
committed to its fate, they help to coordinate the 
two diverging programs of gene expression in each 
compartment as sporulation proceeds. 

Compartment specific gene expression begins 
with the activation of exclusively in the fore- 
spore. As mentioned above, when is first 
synthesized (which occurs before the septum is 
built) it is rendered immediately inactive. The 
system that does this utilizes three proteins that 
are also present before the septum appears: 
SpoIIAA and SpoIIAB, which are encoded in the 
same operon as cr^, and SpoIIE. SpoIIAB binds to 
when the two proteins are initially synthesized, 
thereby inactivating This inactivation is over- 
ridden when SpoIIAB switches its binding part- 
ner from to SpoIIAA, thereby freeing cr from 
inhibition. SpoIIAB is also able to phosphorylate 
SpoIIAA. This kinase activity is antagonistic to 
the SpoIIAA-SpoIIAB interaction, as the proteins 
can only bind when SpoIIAA is dephosphorylated. 
Dephosphorylation does not occur until the sep- 
tum forms and is under the control of SpoIIE, 
which localizes to the septum (Fig. 6). This sys- 
tem allows SpoIIAA phosphate to accumulate in 
the forespore, which is presumably a critical part 
of the mechanism that restricts activity to the 
forespore. It remains to be learned how the 
SpoIIE phosphatase activity is restricted to the 
forespore. In this regard, it will be important to 
determine whether SpoIIE is present on one or 
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Fig. 6A,B. Establishment of active <t^ in the forespore. A A 
cell that has committed to sporulation but has not yet 
formed the sporulation septum. is bound by SpoIIAB 
and is therefore inactive, cr® is present in the pro-form and 
therefore is also inactive. In B, the septum has formed and 
displays SpoIIE. As a result, (t becomes active in the fore- 
spore. Pro-cr^, which is eliminated from the forespore and 
remains in the mother cell, is not shown 



both faces of the septum. An additional control 
on whether SpoIIAB chooses SpoIIAA or oc- 
curs as a result of the nucleotides ADP and ATP. 
In vitro, it has been shown that ADP promotes 
the SpoIIAA-SpoIIAB interaction, resulting in ac- 
tive In contrast, ATP promotes the binding of 
SpoIIAB to cr^, blocking activity. Presumably, 
differences between the forespore and mother cell 
in both nucleotide levels, as well as the level of 
SpoIIAA phosphate, result in the forespore activa- 
tion of cr . How this occurs is not known, but it is 
tempting to invoke a model that relies on the dif- 
ferences in the volumes of the forespore and 
mother cell compartments. In this view, SpoIIE 
could cause different levels of dephosporylation in 
the two compartments because it would be effec- 
tively more concentrated in the forespore, as a re- 
sult of the higher surface area to volume ratio in 
the smaller cell. Likewise, differences in the sur- 
face area to volume ratios in the two compart- 
ments might somehow result in different levels of 
ADP and ATP in the two cells. 



2.4.2 

The Activation of Mother Cell Gene Expression 
by Events in the Forespore 

The activation of sets the forespore program 
into motion. It also initiates the mother cell line 
of gene expression, because is required for the 
activation of the mother cell factor 6^ does 
this by directing the expression of spoIIRy which 
encodes a protein that appears to move from the 
forespore to the mother cell to stimulate the con- 
version of pro-cr^ to (Fig. 5). Although SpoIIR 
directs the proteolysis of <7 , it is not responsible 
for the compartment-specific activation of cr^. 
This was demonstrated by constructing a cell 
bearing a form of which did not require pro- 
cessing to become active. As predicted, this ver- 
sion of was active even in a cell missing cr^. 
What was unexpected was that the activity was 
still restricted to the mother cell compartment. 
Recent experiments demonstrate that pro-cr^ and 
are removed from the forespore at about the 
time of activation, so it is likely that a com- 
partment-specific proteolysis plays a role in se- 
questering (7^ activity. However, a separate mecha- 
nism restricts the conversion of pro-cr^ to to 
the mother cell compartment. Therefore, the event 
that ultimately sequesters activity to a single 
cellular compartment is still unknown. 



2.4.3 

Postengulfment Signal Transduction 
Between Compartments 

(7^ is also involved in the activation of in fore- 
spore. It is not known what triggers activity, 
although it is known that it requires the comple- 
tion of forespore engulfment and that it involves 
the products of the cr^-controlled spoIIIA operon, 
which are likely to form a channel that connects 
the forespore and mother cell. Such a channel 
could result in the propagation of a signal, from 
the mother cell to the forespore, which activates 
upon completion of engulfment. 

After engulfment, is replaced in the mother 
cell by (7^. (7^ directs the expression of the gene 
encoding an inactive form of cr^ called pro-cr^. 
Pro-(7^ is inactive and will remain so until engulf- 
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ment is complete. The processing of pro-cr^ to ac- 
tive relies on a protease, SpoIVFB, and two 
other proteins, BofA and SpoIVFA. All three pro- 
teins are also synthesized before forespore engulf- 
ment, as a result of rr^-directed gene expression. 
Pro-(j^ proteolysis does not occur immediately 
after synthesis of pro-cr^ but rather is delayed un- 
til the production of a protein that does not ap- 
pear until engulfment is complete. This protein is 
SpoIVB, whose gene is under the control of 
Therefore, the activation of g^ in the mother cell 
is coupled to the prior activation of g^ in the 
forespore (Fig. 5). 

2,5 

Themes in Temporal and Spatial Control: 
Sequential Activation of Genes 
and Morphogenetic Coupling 

Development in bacteria is, to a large degree, 
driven by sequential and/or cyclical activation of 
regulons. Two mechanisms that control the pro- 
gressive activation of gene sets during develop- 
ment emerge very clearly from our discussion of 
the C. crescentus and B. subtilis developmental 
programs. First, transcription factors, encoded 
within a regulon, can activate the next regulon in 
the developmental sequence. In B. subtiliSy the ap- 
pearance of one sigma factor after another during 
sporulation provides global control over the pro- 
cess while subsidiary transcription factors such as 
SpoIIID and GerE further subdivide the regulons. 
In C. crescentus, the class I gene product CtrA ac- 
tivates class II gene expression and the class II 
gene product FlbD activates class III and class IV 
gene expression. This often-repeated theme is by 
no means confined to these two bacteria and is 
likely to be widespread. The second mechanism 
that we have examined, morphogenetic coupling, 
links gene expression to the formation of some 
structure in the cell. The assembly of the struc- 
ture becomes a checkpoint in development that 
must be passed before a set of genes will be ex- 
pressed. In B. subtilis, the appearance of the spor- 
ulation septum is required before the compart- 
ment-specific sigma factors g^ and g^ can initiate 
the two diverging programs of development in the 
two cells. Likewise, the completion of engulfment 



triggers the next two sigma factors, g^ and cr^. It 
appears that morphological coupling mechanisms 
are important in C. crescentus as well. This class 
of mechanism may guide the activation of CtrA 
in the swarmer cell and destruction of CtrA in 
the stalked cell. The localization of FlbE in the 
predivisional cell is likely to be essential to phos- 
phorylation of FlbD in the swarmer cell and, 
therefore, to be an example of morphological cou- 
pling as well. 

2.6 

Outlook 

This is an especially exciting time for researchers 
studying the mechanisms that control bacterial 
gene expression. As we have seen, the cascade-like 
control mechanisms that direct temporal control 
are relatively well understood in broad outline. 
An important future goal will be to define all the 
major participating transacting factors. Undoubt- 
edly, this will reveal new mechanisms of gene ex- 
pression control and clarify the manner in which 
many physiological events occur on schedule. A 
particularly intriguing mechanism in this regard 
is the phosphorelay. In C. crescentus, the phos- 
phorelay has only recently been identified. When 
all components of this relay and other potential 
pathways are discovered and their full roles in de- 
velopment defined, we may have a clear outline 
view of the control of the C. crescentus cell cycle. 
In B, subtilis, the phosphorelay is more fully un- 
derstood. Nonetheless, we still have only a partial 
understanding of how B. subtilis reaches the deci- 
sion of whether or not to permit sporulation. A 
detailed description of how this happens remains 
as an important challenge. 

Cell biological methods that define the subcel- 
lular locations of critical proteins clearly will be 
central to the advancement of our understanding 
of bacterial development. As we have seen, these 
methods have contributed to our present under- 
standing of cell type-specific activation of tran- 
scription factors. This approach has also shown 
us a great deal about the mechanisms of morpho- 
logical coupling and undoubtedly will continue to 
do so. As always, the task of discovering the cen- 
tral players in development will fall, to a large de- 
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gree, to the methods of genetics; but cell biologi- 
cal techniques will clarify the results of genetic 
experiments in ways that will point explicitly to 
the mechanisms behind development. 



2.7 

Summary 

Although vastly different, the programs of develop- 
ment in C. crescentus and B. subtilis employ strik- 
ingly convergent mechanisms to control gene ex- 
pression in time and in space. Both arrange their 
genes in regulons where the activity of each de- 
pends on transacting factors encoded by the pre- 
ceding gene set. Both employ a phosphorelay to ac- 
tivate a key early-acting transcription factor. In B. 
subtilis, the role of the phosphorelay is to compute 
whether conditions are suitable for sporulation. In 
C. crescentus, the purpose of the phosphorelay is 
less clear but it appears to activate multiple cellu- 
lar events in response to cell-cycle cues. Both or- 
ganisms also couple gene expression to the forma- 
tion of specific cellular structures, although 
through divergent mechanisms as a result of their 
distinct physiologies. B. subtilis couples the activa- 
tion of the major transcription factors, the sigma 
factors, to two landmark events in sporulation: 
the formation of the sporulation septum and the 
engulfment of the forespore. C. crescentus also ap- 
pears to couple gene expression to assembly: cell 
type-specific gene expression is apparently con- 
trolled by the placement of the two -component sen- 
sor kinase FlbE near the site of constriction. The 
localization of FlbE to this subcellular position 
may be the trigger that activates FlbD in the swar- 
mer cell, confining the expression of class III and 
class IV genes to that compartment. 
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3.1 

Introduction ^ 



The myxobacteria are a group of Gram-type nega- 
tive soil-dwelling organisms which possess many 
unusual features including gliding motility, which 
allows cell movement only on surfaces, the largest 
prokaryotic genome, antibiotic production rivaled 
only by the actinomycetes, and a number of eu- 
karyotic-like proteins including serine-threonine 
protein kinases and reverse transcriptase. The 
most unique feature of the myxobacteria, how- 
ever, is their ability to construct multicellular 
fruiting bodies under nutritional stress (Fig. 1). 

This chapter will focus on several basic fea- 
tures of the developmental program. What envi- 
ronmental factors initiate the multicellular devel- 
opmental pathway? What role does cell-cell signal- 
ing play in development? How do environmental 
and cell-cell signaling pathways regulate develop- 
mental gene expression? Most research dealing 
with these aspects of the myxobacteria have 
focused on Myxococcus xanthus due to the ease 
with which it is grown in defined media and its 
genetic tractability. 

Research with M. xanthus has been advanced 
using a host of powerful genetic tools, including a 
detailed genomic map, efficient transducing 
phage, integrative and autonomously replicating 
vectors, inducible promoter constructs, and Tn5 
derivatives for mutagenesis and reporter gene fu- 
sion construction. Use of these tools has begun to 
dissect the serpentine regulatory network that 
guides M. xanthus through the four stages of 
development: rippling, aggregation, fruiting body 
formation, and sporulation. This regulatory net- 
work is coordinated by at least five extracellular 
signals, the A-E signals. This chapter will focus 



on the current state of research into the develop- 
mental program of M. xanthus and will touch on 
another myxobacterium, Stigmatella aurantiaca, 
to provide counterpoint. 

3.2 

The Developmental Program 
of Myxococcus xanthus^ 

During the myxobacterial developmental program 
free-living, rod-shaped cells (Fig. 2A) differentiate 
into spherical, metabolically dormant, environ- 
mentally resistant myxospores (Fig. 2B). Why is 
sporulation coupled to the formation of the multi- 
cellular fruiting body? One model that has been 
proposed to explain the evolution of fruiting body 
development relies on the observation of coopera- 
tive feeding by the myxobacteria. Specifically, cells 
have a shorter doubling time when growing at 
high cell densities than they do when growing at 
low cell densities. The myxobacteria feed on or- 
ganic polymers by secreting extracellular hydro- 
lytic enzymes and absorbing the monomers. The 
differential growth rate is attributed to more effi- 
cient hydrolysis of the polymers by higher extra- 
cellular enzyme concentrations. According to this 
hypothesis, fruiting body development evolved to 
assure that a population of spores germinates at a 
cell density high enough for rapid growth. 

Development is initiated when cells encounter 
nutritional stress. The first morphological conse- 
quence of this stress is the rhythmic movement of 
cells known as rippling. If cell density is high en- 
ough, cells then begin to stream into aggregation 
centers (Fig. 3, 0-8 h) forming large mounds 
(Fig. 3, 12 h) which mature into fruiting bodies in 
which sporulation begins (Fig. 3, 24 h). A similar 
sequence of events occurs in other myxobacteria. 
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Fig. 1. M. xanthus life cycle. During the vegetative growth 
cycle M. xanthus cells divide by binary fission. When cells 
are starved for nutrients, approximately 100000 cells aggre- 
gate {outer ring of developmental cycle) and form a fruiting 
body. This multicellular development is paralleled by the 



such as S. aurantiaca (which will be discussed in 
Sect. 3.4). 

3.2.1 

Rippling 

Rippling is a rhythmic movement of cells which 
results in the appearance of traveling waves 
(Fig. 4A). Though it appears not to be required 
for fruiting body development, it represents an 
interesting phenomenon. When waves traveling in 
opposite directions meet, the two waves appear to 
pass through one another. Sager and Kaiser have 



differentiation of cells into spherical, metabolically dormant 
myxospores {inner ring of developmental cycle). Myxo- 
spores can also be formed by chemical induction which by- 
passes the multicellular process. (Dworkin 1986) 



suggested that ridges of cells are reflected back 
the way they came, leaving only the illusion of 
processive waves (Fig. 4B). Thus, the traveling 
waves are generated by a repetitive back and forth 
motion of the ridges of cells, punctuated at either 
end by collision of two ridges. In their model, 
CsgA, a cell surface-associated protein, stimulates 
direction reversal upon end-to end collision with 
another cell. (CsgA is described in more detail in 
Sect. 3.3.3). 
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2 Fruiting body myxospores form when the vegetative cells 
round up to assume a spherical shape. Bar 0.5 pm. (Shim- 
kets and Seale 1975) 



Fig. 2. M. xantkus cell and myxospore morphology. 1 Vege- 
tative rod-shaped cells are Gram -type negative and are sur- 
rounded by an inner membrane and an outer membrane. 




3,2,2 

Aggregation and Fruiting Body Formation 

The fruiting body forms via directed movement 
of a hundred thousand cells into aggregation cen- 
ters which develop a species-specific shape. The 
process that draws cells into aggregation centers 
remains a mystery Chemotactic, contact-depen- 
dent, and mechanical models have been proposed 
to explain aggregation. 

The chemotactic model proposes that ceils 
move into aggregation centers by moving up a 
chemical gradient. An analogous system is found 
in Dictyostelium discoideum, which uses cAMP as 
a chemotactic signal during its developmental ag- 
gregation, When a membrane containing vegeta- 
tive cells is placed over a field of M xantkus fruit- 
ing bodies, the new fruiting bodies form directly 
above preexisting fruiting bodies. This phenom- 
enon is not due to dimples in the membrane 
caused by the underlying mounds of cells, since 
replacement of the underlying fruiting bodies 
with glass beads of similar size results in fruiting 
bodies developing at random sites rather than di- 
rectly above the beads. This model received 
further indirect support with the discovery of the 



frz system, a series of genes whose products are 
homologous to the chemotaxis sensory transduc- 
tion proteins of £, colu Based on both genetic and 
biochemical data, the model that is emerging for 
the chemotaxis system in M. xantkus has FrzCD 
acting as a methyl accepting chemotaxis protein 
{analogous to Tar in E. coli) which accepts input 
from putative membrane -bound sensor proteins 
and transmits this information via an interaction 
with FrzA and FrzE {Fig, 5). This interaction in- 
fluences the phosphorylation state of FrzE and 
FrzE, or FrzE-phpsphate, then interacts with the 
gliding motor to induce a direction reversal. 
Adaptation is regulated by FrzB and FrzF which 
methylate FrzCD and FrzG which demethylates 
FrzCD. Mutations in the frz genes eliminate both 
rippling and fruiting body development and re- 
duce the frequency of direction reversals during 
cell movement. Kearns and Shimkets have pro- 
vided evidence that the phospholipid phosphati- 
dylethanolamine, found in the cell membrane of 
the myxobacteria, acts as a chemotactic signal. 

The contact-dependent model relies on cell con- 
tact-dependent control of ceO motility for aggregate 
formation. This model is analogous to the chemo- 
tactic model but the attractants are cells rather 



38 E.W. Crawford Jr. and L. J. Shimkets 




Kig. i 




5 Mfii 



10 |jm 




3 Multicellular Development in the Myxobacteria Myxococcus xanthus and Stigmetalla auramiaca 



A 





Fig* 4* Rippling in M xanthus. A Rippling is the rhythmic 
movement of ridges of cells to generate traveling waves. Bar 
100 pm. (Shimkets and Kaiser 1982). B The reflection mod- 
el of rippling* Arrows indicate direction of cell or wave 
movement. Collision between two ridges moving in oppo- 
site directions results in reflection of the cells due to rever- 
sal of direction* However, the wave appears to continue 



moving in the same direction. I Cells aligned in a wave be- 
fore collision; 2 same cells as in 1 after collision; 3 mor- 
phology of ''interposed"' waves; 4 morphology of “re- 
flected'^ waves* In 3 and 4 the thick line represents a down- 
ward-moving wave and the thin line represents an upward- 
moving wave. (After Sager and Kaiser 1 994) 



< 

Fig* 3* M* xanthus fruiting body formation* Development 
begins with a smooth lawn of cells [(f ). By 4 h -Y-shaped 
facets form which become the aggregation centers* Cells 
migrate to these centers from all directions to form an 
ever-enlarging mound. By 48 h fruiting body formation is 
complete and the cells within the fruiting body have differ- 
entiated into myxospores. (Kuner and Kaiser 1982) 



than diffusible chemical signals. Cell collision 
would reduce the frequency of direction reversals> 
preventing net movement away from the forming 
aggregate* This model is supported by experiments 
suggesting that cell reversals are less frequent in 
large groups of cells* The decrease in reversal fre- 
quency is also correlated with an increase in FrzCD 
methylation* However, it is not clear whether this 
process can direct aggregation on the large scale 
required for fruiting body development* 
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Fig. 5. Model for the operation of the M. xanthus frz sys- 
tem. FrzCD is a methyl-accepting protein which accepts in- 
put from a putative receptor protein and transmits this in- 
formation with FrzA to FrzE. This interaction influences 
the phosphorylation state of FrzE, which interacts with the 
gliding motor to regulate the frequency of direction rever- 
sal. FrzB and FrzF are responsible for adaptation through 
methylation of FrzCD and FrzG is responsible for relief 
from adaptation through demethylation. (After McBride et 
al. 1992) 

The mechanical aggregation model relies on 
physical interactions between the gliding appara- 
tus and changes in the texture of the surface 
upon which cells are gliding. One variation relies 
on the observation that the two motility systems 
present in M. xanthus, the A-system and the S- 
system, have different physical requirements. The 
A-system (responsible for single-cell movement) 
functions best when the cells are on relatively dry, 
hard surfaces, while the S-system (responsible for 
group movement) functions best on wet, soft sur- 
faces. The model predicts that as cell density in- 
creases due to chance collisions of groups of cells, 
a thick extracellular matrix is formed (i.e., the 
cells find themselves on a wet, soft surface) which 
favors S- rather than A-motility. It then follows 
that if a cell moving individually (using A-motil- 
ity) entered the extracellular matrix, the A-motil- 
ity system, which works poorly on soft, wet sur- 
faces, would be unable to extricate it from the 
group. An alternative mechanical model has been 
proposed for Stigmatella and will be discussed in 
Section 3.4. 

After aggregation is complete, development 
continues within the fruiting bodies. Sager and 
Kaiser have used reporter gene fusions, in con- 
junction with confocal microscopy, to demon- 
strate that the M. xanthus fruiting body contains 
two domains which can be distinguished by dif- 
ferential gene expression, cell density, and cell 



type. The inner domain, the core of the fruiting 
body, contains relatively loosely packed, non-mo- 
tile myxospores while the outer domain contains 
highly motile, densely packed cells. These highly 
motile cells have long periods between direction 
reversals, which produces flows of cells circling in 
coherent streams around the interior of the fruit- 
ing body and herds the sporulating cells into the 
interior domain where sporulation is completed. 

3.2.3 

Sporulation 

The end product of fruiting body development is 
the production of dormant myxospores. Myxo- 
spores can also be formed in the absence of mul- 
ticellular development, either as a result of devel- 
opmental mutations which bypass the normal 
process, or by exposure of growing cells to high 
concentrations of glycerol. Fruiting body spores 
have a lower rate of respiration and a thicker 
spore coat than glycerol spores (Fig. 6). 

Fruiting body spores contain at least three coat 
proteins, S, U, and C. Of these, protein S has been 
most highly characterized. S is a Ca^'^-binding 
protein which shares homology with the bovine 
crystalline lens protein, is induced early in devel- 
opment and accumulates throughout development. 
Eventually protein S becomes one of the most 
abundant development products and is released 
from the cell, where it self-assembles on the spore 
surface in the presence of Ca^"^. Glycerol spores 
lack protein S and S will not self-assemble in 
vitro, indicating that there is a specific protein S 
receptor on fruiting body spores. 

3.3 

The Fundamental Choice to Grow or Develop 

Cells will grow by binary fission as long as nutri- 
ents are available. Shortly after cells experience 
nutritional stress, they make a decision whether 
to pursue the vegetative growth pathway or the 
developmental pathway. Fruiting body morpho- 
genesis is induced by nutritional stress, but star- 
vation alone is insufficient to induce most devel- 
opmental genes. A quorum sensing cell-cell sig- 
naling step is used to determine whether a suit- 
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Fig. 6A,B. Thin sections of fruiting body and glycerol with an inner membrane (IM), outer membrane (OM), and 
spores. A Fruiting body spore with protein spore coat (SC), thin spore coat (GC). Bar 0.5 pm. (Inouye et al. 1979) 

intermediate coat (7C), and cortex (CX). B Glycerol spore 



able concentration of cells is available to complete 
fruiting body development. Finally, a contact-de- 
pendent signal is used to divert incoming carbon 
into the developmental pathway at the expense of 
the growth pathway by regulating the cell cycle. 

3.3.1 

The Cellular Starvation Pathway^ 

M. xanthus growth is accomplished through the 
uptake of amino acids and small peptides which 
are oxidized as sources of carbon and energy or 
used directly in protein synthesis. Growth re- 
quires leucine, isoleucine, and valine, and in the 
absence of methionine, vitamin B12. M. xanthus 
also utilizes pyruvate as a carbon and energy 
source but is unable to grow on monosaccharides 
or disaccharides. 

In Escherichia coli, starvation for amino acids, 
energy, nitrogen, or fatty acids results in the accu- 
mulation of guanosine-5'-diphosphate-3'-diphos- 
phate (ppGpp) and guanosine-5'-triphosphate-3'- 
diphosphate (pppGpp), collectively referred to as 
(p)ppGpp. The ribosome-associated protein, RelA, 
is the principle synthetic enzyme. When a trans- 
lating ribosome encounters a codon for which no 
cognate amino acyl tRNA is available, RelA trans- 
fers a pyrophosphate from ATP to GTP to pro- 
duce pppGpp. Dephosphorylation of pppGpp by 



the Gpp protein produces ppGpp. Once formed, 
ppGpp and pppGpp can be dephosphorylated by 
SpoT to regenerate GDP and GTP respectively. 
Accumulation of (p)ppGpp in E. coli reduces ribo- 
somal and transfer RNA synthesis, phospholipid 
and fatty acid synthesis, and initiation of DNA re- 
plication. As a result, the growth rate is adjusted 
to a rate compatible with amino acid availability. 

In M. xanthus, starvation for any of the essen- 
tial amino acids is sufficient to induce develop- 
ment. M. xanthus contains both a RelA homo- 
logue and a SpoT homologue, and accumulates 
(p)ppGpp upon amino acid starvation. High level 
ectopic expression of E. coli relA in M. xanthus 
results in accumulation of (p)ppGpp, a slowing of 
the growth rate even in the absence of starvation, 
and expression of a number of early developmen- 
tal genes. Together, these results argue that cellu- 
lar starvation is sensed through the stringent 
pathway, as it is in E. coli. 

3.3.2 

The Population Starvation Pathway^ 

Since fruiting body morphogenesis requires the 
cooperative effort of about 10^ cells, the second 
step in development involves determining whether 
a quorum of cells is available to initiate develop- 
ment. To accomplish this, each cell that experi- 
ences nutritional stress initiates the A-signaling 
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Fig. 7. Model for initiation of development. (p)ppGpp be- 
gins to increase upon cellular starvation activating A-signal 
production through the synthesis and export of proteases. 
The proteases degrade cell surface and extracellular matrix 
proteins to generate the A-signal amino acids, principally 
tyrosine, proline, phenylalanine, tryptophan, alanine, leu- 
cine and isoleucine. The extracellular concentration of A- 
signal amino acids is proportional to the cell density. When 
the population exceeds a critical mass necessary for fruit- 
ing body development the A-signal amino acids activate the 
A-signal-dependent genes, some of which also require 
(p)ppGpp-dependent input for full activation. (After Singer 
and Kaiser 1995) 

pathway by releasing proteases which hydrolyze 
cell surface and extracellular matrix proteins. This 
results in the accumulation of an extracellular re- 
serve of amino acids with an average concentra- 
tion of 25 pM. Several amino acids in this mix- 
ture are referred to as A-factor and can comple- 
ment A-signaling mutants to restore development. 
Each cell contributes equally in the generation of 
A-factor, so the extracellular concentration of 
these amino acids directly reflects the number of 
nutritionally stressed cells in the population. If a 
quorum of starving cells are present to initiate de- 
velopment, then the A-factor-dependent genes are 
activated and development proceeds. 

In the current model for A-signaling (Fig. 7) 
(p)ppGpp induces A-factor production via synthe- 



sis and export of extracellular proteases. Three 
genes in the signal generation pathway are 
known, asgA, asgB, and asgC. AsgA is a hybrid of 
a sensor kinase and response regulator of the 
two-component family, containing both receiver 
and transmitter domains. AsgB contains a DNA- 
binding motif and AsgC is the major vegetative 
sigma factor. Mutation of any of these genes re- 
duces protease secretion, thereby eliminating A- 
factor generation. 



3.3.3 

Arrest of Growth ^ 

Influx of amino acids at the concentrations 
reached by the A-factor amino acids during the 
height of A-signaling would be sufficient to stim- 
ulate vegetative growth were it not for a cell-con- 
tact dependent cell cycle control. Arrest of vegeta- 
tive growth assures the population that this car- 
bon is diverted to developmental functions. Cell 
cycle control is accomplished through the actions 
of two proteins, CsgA and SocE. SocE expression 
decreases dramatically upon starvation while 
CsgA expression increases (Fig. 8). It is at this 
critical juncture where cells arrest growth. 

CsgA is a short chain alcohol dehydrogenase 
with unknown substrate specificity that is asso- 
ciated with the cell surface and extracellular ma- 
trix. CsgA produces the C-signal which is respon- 
sible for activation of about half of the known de- 
velopmental genes. Successful C-signal transmis- 
sion relies on cell- cell contact, optimal cell align- 
ment, and motility, and is required for rippling 
and aggregation. Additionally, it is thought that 
highly efficient C-signal transmission in the outer 
domain of the fruiting body leads to final activa- 
tion of the genes required for sporulation. 

SocE has no known homologues in the data- 
base and its precise function is unknown. SocE is 
required to maintain vegetative growth. If SocE 
production is inhibited by ectopic disruption of 
expression, DNA synthesis, stable RNA synthesis, 
and growth cease after several cell divisions dilute 
the residual SocE (Fig. 9). Several days after 
growth arrest, SocE-depleted cells form spores 
which are morphologically indistinguishable from 
fruiting body spores. Cell-cycle arrest and spore 
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Fig. 8. socE and csgA transcription during M. xanthus 
growth and development. Expression of socE (squares) and 
csgA (circles) during development. At time = 0 vegetative 
cells are subjected to starvation to induce development. Ex- 
pression was measured using a socE-lacZ or csgA-lacZ tran- 
scriptional fusion, ^-galactosidase-specific activity is given 
as nmoles ONP produced min"^ mg“^ protein. (After Craw- 
ford and Shimkets 1998) 




Time 

Fig. 9. Effect of socE depletion on cell growth. At time = 0 
ectopic expression of socE was eliminated (solid symbols) 
or continued (open symbols) in a nutrient-rich growth me- 
dium. Cell number (□) and spore number (O) were deter- 
mined by direct counts. After approximately 2.5 generations 
the SocE-depleted cells cease growing and by 168 h most 
cells had sporulated. (After Crawford and Shimkets 1998) 

induction depend on the presence of CsgA en- 
zyme activity since both phenomena are elimi- 
nated by mutations that disrupt cofactor binding 
or essential catalytic residues. How SocE and 
CsgA interact to effect this control is unknown. 



3.4 

Development in Stigmatella aurantiaca^ 

S. aurantiaca and M. xanthus share 97% identity 
at the level of the 16S rRNA gene sequence, which 
predicts a large similarity in the organization of 
their genetic information. Indeed homologues of 
developmental genes like csgA are found in S. au- 
rantiaca. Heterochrony refers to changes in the 
relative timing of certain developmental events 
that lead to morphological and behavioral dif- 
ferences between closely related organisms. Al- 
though S. aurantiaca fruiting body morphology is 
quite different from that of M. xanthus, the mor- 
phological differences in the fruiting body may 
be due to a few subtle changes in the regulation 
of development. S. aurantiaca differs from M. 
xanthus in that it has a requirement for light 
which sensitizes cells to a novel pheromone. The 
pheromone, in turn, organizes fruiting body de- 
velopment, particularly the formation of sporan- 
gioles which are not found in M. xanthus fruiting 
bodies. 



3.4.1 

Fruiting Body Formation in Stigmatella aurantiaca 

Fruiting body formation in S. aurantiaca is in- 
duced by starvation and involves formation of an 
aggregate which is lifted upward on a stalk com- 
posed of cells and extracellular polysaccharide. 
This aggregate then differentiates a number of 
sporangioles in which sporulation takes place 
(Fig. 10). To complete development, S. aurantiaca 
requires a high cell density and exposure to visi- 
ble light. The absence of light prevents aggrega- 
tion, but has little effect on sporulation. In con- 
trast, M. xanthus development is inhibited by 
light. 

Early in development, S. aurantiaca cells form 
small aggregates with circles or spirals of cells 
that swirl about an aggregation center only to 
then move off in a tangent. The circular or spiral 
movement continues until the aggregate stabilizes. 
Once the aggregate is complete the circling cells 
near its edge appear to change the pitch of their 
movement and raise the aggregate off the agar 
surface. The shift from transient aggregate to 
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Fig, 10A-E» Stages in Stigmatella aurantiaca fruiting body mation (D). Bar 20tim, (Qualls et al, 1978 b) (E) Mature 

formation. Cells aggregate to form ridges (A) then mounds fruiting body. (Courtesy of Patricia Grilione) 

(B) followed by bulb formation (C), and sporangiole for- 



stable aggregate occurs when cells become locked 
into a “turning mode"*. White and colleagues have 
proposed a mechanical aggregation model in 
which polymers in the slime trails become 
aligned by the passage of cells. Recruitment of 
new cells to the aggregate is accomplished by trail 
following. New cells are recruited to the aggregate 
because myxobacteria move faster when follow- 
ing, rather than blazing, trails, so cells near an 
aggregate will preferentially follow preexisting 
trails into the aggregate. Computer simulation of 
such a model predicts that trail following is insuf- 
ficient, however, to guide cells into an aggregate 
without a chemoattractant, 

3A2 

Uncoupling Sporulation and Fruiting Body Formation 

Sporulation in S, aurantiaca can be uncoupled 
from fruiting body formation in a number of 
ways. Development in the absence of light, for ex- 
ample, disrupts fruiting body formation but has 
little effect on sporulation. As with M. xanthus. 



sporulation can be chemically induced by high 
concentrations of glycerol and related compounds. 
However, 5, aurantiaca sporulation can also be in- 
duced by a number of antibiotics, indole, 3- 
methyl indole, and some monovalent cations. Fi- 
nally, a shift in temperature from 30 to 41 also 
triggers sporulation in the absence of starvation 
or fruiting body formation, 

3,43 

Pheromoiie Productioit by 5. aurantiaca 

Pheromones are chemicals that are secreted for 
the purpose of influencing the behavior of other 
members of the same species, Stephens and col- 
leagues discovered a pheromone produced by de- 
veloping S, aurantiaca cells. Addition of this pher- 
omone alleviates the requirement for both high 
cell density and light. Furthermore, addition of 
the pheromone to developing cultures speeds ag- 
gregate formation, increases the total number of 
aggregates, and increases the rate at which aggre- 
gates develop into fruiting bodies. Conversely, 
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Fig. 11. Chemical structure of the S. aurantiaca pheromone 
2,5,8-trimethyl-8-hydroxy-nonan-4-one. (Courtesy of Wulf 
Plaga) 

continuous removal of the pheromone by dialysis 
of a developing culture prevents aggregate forma- 
tion. Cells grown in the light appear to be more 
sensitive to the pheromone than those grown in 
the dark, implying that light sensitizes the cells to 
the pheromone. 

Plaga purified and solved the structure of 
the pheromone, 2,5,8-trimethyl-8-hydroxy-nonan- 
4-one (Fig. 11). Chemically synthesized 2,5,8-tri- 
methyl-8-hydroxy-nonan-4-one duplicates the bio- 
logically activity of the pheromone purified from 
S. aurantiaca. Now that the pheromone can be 
produced in large quantities, it will be easier to 
ascertain its function(s) in development. 

3.5 

Outlook 

The study of multicellular development in M. 
xanthus is gradually illuminating the gray areas 
between unicellular and multicellular organisms. 
Even though the space provided here allows little 
more than a brief introduction to the many inter- 
esting aspects of the myxobacteria and provides 
only a glimpse into its developmental program, 
this chapter has illustrated the complexity of mul- 
ticellular development. 

The myxobacteria provide a nearly ideal ex- 
perimental system for studying multicellular de- 
velopment. Their ease of growth in dispersed cul- 
ture in defined media coupled with a host of 
powerful genetic tools promises to answer many 
broad developmental questions. M. xanthus has 
been shown to regulate its gene expression in re- 
sponse to both spatial and temporal cues, both of 
which are essential to all developmental systems, 
leaving open the door to significant insights into 
pattern formation in early embryonic develop- 
ment in eukaryotes. 



3.6 

Summary 

M. xanthus undergoes an elaborate developmental 
program whose ultimate purpose is to convert 
fragile rod-shaped cells into dormant myxospores 
packed into fruiting bodies. This dense packing 
assures that a high concentration of cells is pre- 
sent at germination to allow a swift resumption of 
cooperative feeding. The developmental program 
is initiated by starvation through a cellular starva- 
tion signaling pathway involving the RelA-depen- 
dent accumulation of (p)ppGpp. This accumula- 
tion stimulates starvation- related gene expression 
as well as A-signal production. The A-signal acts 
as a quorum sensor to determine whether there 
are enough cells undergoing nutritional stress to 
warrant the activation of developmental gene ex- 
pression. A-signal amino acids also serve as a ro- 
bust source of carbon. C-signaling results in di- 
version of this carbon to developmental macro- 
molecular synthesis by arresting the cellular 
growth cycle. 
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4.1 

Introduction 



At every cell division during the growth of an or- 
ganism, cells choose between proliferation and dif- 
ferentiation in executing a prescribed developmen- 
tal program. Cell proliferation relies on the precise 
duplication and segregation of genetic materials 
and more or less equal division of cytoplasmic con- 
tents to yield progeny cells that are essentially iden- 
tical to their parents. Cell differentiation, on the 
other hand, involves formation of progeny that 
are distinct from cells of the previous generation 
and, in some cases, that are distinct from each 
other. This latter situation requires asymmetric 
segregation of cell- fate determinants into descen- 
dant cells, a process essential to the development 
of all multicellular organisms comprised of differ- 
ent, specialized cells. Although the yeast Saccharo- 
myces cerevisiae is a unicellular organism, its life 
cycle presents examples of both symmetric and 
asymmetric differentiation, and the study of these 
processes has provided insights into the critical de- 
cision making events that underlie development. 

Yeast cells can propagate stably as either hap- 
loids or diploids. Haploid cells exhibit either an a 
or an a mating type, dictated by the allele (a or 
a) present at the MAT locus on chromosome III. 
MATa and MATa encode distinct transcription 
factors that control the cohort of cellular pro- 
cesses in yeast that distinguish a cells from a 
cells. The most notable difference between a and 
a cells can be appreciated by the fact that two 
haploid cell of opposite mating types can mate with 
each other to form a diploid, or a/a cell. In contrast, 
cells of the same mating type cannot mate with 
each other. Thus, mating type dictates the partner 
with which a cell can mate. Diploid cells consti- 



tute a third cell type. While diploids can propa- 
gate by vegetative growth in the presence of ade- 
quate nutrients, starvation for all nutrients in- 
duces them to exit the mitotic cycle and embark 
on a developmental program resulting in meiosis 
and sporulation (Fig. 1). In addition, diploid cells 
deprived of only a subset of nutrients pursue a 
different developmental program, resulting in a 
morphological switch from budded to filamentous 
cells (Fig. 1). This morphological switch may fa- 
cilitate foraging by the organism, which is other- 
wise restricted in its migration. Haploid cells have 
access to neither of these developmental pro- 
grams. Thus, these two responses to nutrient de- 
privation are available uniquely to diploids and 
represent developmental programs in which cells 
of one generation become differentiated from cells 
of the previous generation. 

A different developmental process - mating 
type switching in haploid yeast cells - represents 
a differentiation event in which developmental po- 
tential exhibits asymmetric segregation during 
cell division. Haploid Saccharomyces have the re- 
markable potential to change mating types, from 
a to a or a to a, as often as every generation. At 
the molecular level, mating type switching is in- 
itiated by a double- strand break in the DNA at 
the MAT locus, catalyzed by an endonuclease en- 
coded in the HO locus. Switching then occurs by 
a gene conversion event between the MAT locus 
and either of two transcriptionally silent reposi- 
tories of mating information, HML and HMR. 
Both HML and HMR have a single copy of one 
mating type allele, with HML generally carrying 
the a mating allele and HMR the a mating allele. 
The HO-initiated gene conversion results in re- 
placement of one mating type allele at MAT with 
the opposite mating type allele copied from either 
HML or HMR (Fig. 2). 
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Fig, 1 * Developmental programs of the yeast Saccharomyces. 
Phase contrast (left and right) and differential interference 
contrast (center) photomicrographs of different forms of 
Saccharomyces. In the presence of sufficient nutrients j 5nc- 
charomyces grows mitotically by budding (center). When 
starved for nitrogen in the absence of a fermentable carbon 
source, diploid cells undergo meiosis and sporulation to 



Starve for Nitrogen 

y^ield the asci shown on the left. When starved for nitrogen 
in the presence of a fermentable carbon source, the cells al- 
ter their morphology and budding patterns to produce the 
pseudohyphal pattern on the right. Note that the magnifica- 
tion of the cell in the right panel is less than that in the 
other two panels 



At the cellular level, mating type switching fol- 
lows a precise developmental pattern. As noted by 
its categorization as a budding yeast, Saccharo- 
myces grows by the emergence on a mother cell 
of a bud, which expands into an ellipsoidal 
daughter cell encased exclusively in newly synthe- 
sized cell wall material (Fig, 3), Thus, cell division 
in Saccharomyces is an asymmetric process that 
yields a larger "‘mother” cell encased in an old 
cell wall and a smaller “daughter” cell encased in 
a new cell wall. In the process of mating type 
switching, a newly born daughter cell undergoes 
cell division and becomes a mother as it produces 
its first daughter. Both this mother and daughter 
exhibit the same mating type as the original cell, 
although they have acquired different potentials 
for mating type switching. The mother cell under- 
goes a second cell division to produce a second 
daughter and, remarkably, both the mother and 
the second daughter most often acquire the mat- 
ing type opposite that of the original cell (Fig, 4), 



In contrast, the cell division of the first daughter 
yields two cells always with the same mating type 
as the original cell. If these four ceUs are sepa- 
rated and propagated, this pattern of asymmetric 
mating type switching can continue indefinitely. 
However, in the absence of physical intervention, 
these four progeny of the original cell - two of 
one mating type and two of the other - lie next 
to each other and undergo mating to yield two 
diploids (Fig, 4), Thus, this particular pattern of 
switching allows any isolated haploid cell to be- 
come diploid within two generations. Since, as 
noted above, diploids have access to survival 
strategies not available to haploids, this pattern of 
switching undoubtedly has conferred significant 
selective advantage to the organism. 

As elaborated in this chapter, the precisely 
choreographed pattern of development exhibited 
in mating type switching derives from an as yet 
unexplained cell-type- dependent selection of do- 
nor loci during switching and from an exquisite 
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Fig. 2. The molecular basis of mating type interconversion 
in yeast. Certain yeast strains change mating type as often 
as every generation by replacing the mating type informa- 
tion present at the expressor locus, MAT, located on the 
center of chromosome III, with a copy of the opposite mat- 
ing type information resident in one of two storage loci at 
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either end of chromosome III, HML, or iJMJ?. The hatching 
over the HM loci denotes that they are transcriptional inac- 
tive, As indicated, the locus selected as donor depends on 
the mating type of the cell. In ne cells, HML is the preferred 
donor. In a cells, the product of the MATa2 gene, o;2p, 
blocks access to HML, making HMR the preferred donor 



cell-type-, cell-cycle- and cell-lineage- depen dent 
regulation of HO gene expression. Significant ef- 
fort has been focused on all these processes un- 
derlying the pattern of mating type switching but 
particularly on the cell lineage-specific transcrip- 
tion of ffO, since such asymmetric segregation of 
developmental potential ultimately underlies the 
developmental programs of every multicellular or- 
ganism, Recent identification of this asymmetri- 
cally segregated cell-fate determinant and the con- 
comitant demonstration that the pattern derives 
from asymmetric localization of mRNA via the ac- 
tin cytoskeleton has documented the conservation 
of developmental mechanisms among eukaryotes 
and ratified Saccharomyces as a model system for 
developmental biology. We highlight these recent 
observations in this chapter. 




Fig, 3, The mitotic cell cycle of yeast. Shown are typical 
morphologies of yeast cells at different points of the cell cy- 
cle. Mother cells are drawn with solid lines and daughter 
cells (buds) dashed lines y indicating that new cell wall syn- 
thesis is restricted to the daughter cell. Nuclei are shown as 
shaded circles. The four phases of the cell cycle are shown 
as arrows 
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Fig, 4 A, B. The pattern of mating type switching in yeast. 
A Cells are marked to indicate meir mating type (a or a) 
and their cell history (mothers black; daughters gray). As 
showji^ mating type switching occurs only in mother cells 
and when it occurs both progeny of the initial cell acquire 
the new mating type* B As a consequence of the switching 
pattern shown in A and of the budding pattern of haploid 
cells shown in Fig* 5, a single cell will give rise to two pairs 
of cells of opposite mating type that lie adjacent to one an- 
other. These cells can then mate to form two diploids 



genes (asgs), a cells engineered to secrete a -fac- 
tor instead of a-factor and to produce a- factor- 
receptor instead of a-fac tor-receptor exhibit the 
mating behavior of a cells rather than a cells* 
Thus, while the yeast genome contains a number 
of a- specific genes and q- specific genes, the mating 
pheromones and the pheromone receptors are the 
major determinants of the mating phenotype of 
the cell* 

Diploid cells do not express asgs or asgs* Ac- 
cordingly, they mate with neither a cells nor a 
cells. In addition, haploids express a number of 
additional genes that a/a diploids fail to express. 
These haploid- specific genes {hsgs} include HO as 
well as those encoding certain components of the 
signal transduction pathway linked to the phero- 
mone receptors. In addition, this class includes 
genes that dictate the budding pattern of the cell. 
A haploid cell directs formation of a new bud 
next to the site at which the cell separated from 
its sister, a pattern referred to as axial or apical 
budding (Fig, 5), In contrast, a diploid cell directs 
formation of a new bud at a site directly opposite 
from that at which the cell separated from its sis- 
ter, a pattern referred to as bipolar budding. The 
expression of certain haploid-specific genes im- 
poses an apical budding pattern in lieu of the bi- 
polar budding pattern, which is dictated by cer- 
tain genes expressed in both haploids and dip- 
loids* 



4.2 

Phenotypic, Genetic, and Molecular Basis 
of Different Cell Types ^ 

Yeast cells of different cell types differ from one 
another in several aspects. All haploid cells of dif- 
ferent mating type {a or a) produce a distinct 
peptidic mating pheromone (a-factor or a-factor) 
and a distinct receptor responsive to the other's 
mating pheromone (a-factor-receptor on a cells 
and a-factor-receptor on a cells). The genes en- 
coding a-factor and a-factor-receptor belong to a 
limited class of genes expressed only in a cells (a- 
specific genes or asgs), which also includes those 
encoding mating-specific agglutinins and factors 
specifically required for processing a-factor* Reci- 
procally, genes encoding a-factor and the a-fac- 
tor-receptor belong to a small class of a-spedfic 



4.2.1 

Mating Factors and Their Beceptors 

Yeast mating factors are peptide pheromones re- 
quired to induce haploid cells to shift from vege- 
tative growth to the sexual cycle. As noted above, 
a cells secrete a mating pheromone and express 
receptors for a pheromone on their surfaces and 
a cells secrete a pheromone and express a phero- 
mone receptors (Fig. 6)* The a pheromone, or 
a-factor, is a dodecapeptide that is farnesylated 
and methyl esterified at its carboxyl terminus, 
whereas a-factor is an unmodified tridecapeptide. 
Both mating factors are derived by extensive pro- 
cessing of precursor proteins encoded in dupli- 
cated genes: a factor from the MFAl and MFA2 
genes and a-factor from the MFal and MFa2 
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Fig. 5. The budding patterns of hap- 
loid and diploid yeast. Schematic of 
budding pattern of haploid yeast cells 
(top) and diploid yeast cells (bottom)^ 
depicted by following the growth of a 
single cell {left} to the incipient four 
cell stage The haploid pattern 

is designated axial or apical, while the 
diploid pattern is designated bipolar 
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^ J y y 
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genes. The MM genes are inducible by a -factor 
and the MFq genes by a-factor. 

The receptors for a-factor and a-factor, en- 
coded by STE3 and STE2^ respectively, are mem- 
bers of the large family of G-protein-coupled, sev- 
en-transmenbrane receptors. Binding of a mating 
factor to its receptor on the cell of the opposite 
mating type initiates a signal transduction cas- 
cade composed of a series of protein kinases. The 
consequence of activating the pathway is three- 
fold, Firsh the signal is transmitted to and acti- 
vates a nuclear transcription factor, encoded by 
the STE12 gene, which stimulates transcription of 
a number of genes required for mating and conju- 
gation. Second, the signal inhibits specifically the 
Gl-specific cyclins, causing the stimulated cell to 
arrest cell cycle progression at the beginning of 
Gl, Finally, by a mechanism as yet not fully un- 
derstood, binding of the mating pheromone to 
the receptor affects the cytoskeletal organization 
of the cell to promote polarized expansion of the 
cell toward the source of the mating pheromone. 

4,2.2 

Regulatory Circuitry for Control of Celi Type 

The differences in the phenotypes of a, a and a/a 
cells noted above are a direct consequence of the 
regulation of mating type-specific genes by tran- 



scription factors encoded by the MATa and MATa 
genes, alp and a2p, encoded at MAT(x and a 
complex comprised of a2p and alp, the latter en- 
coded by MATa, govern transcription of a-specific 
genes (asgs), a-specific genes (asgs) and haploid- 
specific genes (hsgs) by binding to regulatory re- 
gions upstream of these genes (note that the pro- 
tein product of a yeast gene is often designated by 
appending to the non -italicized gene name), 
Asgs are activated by a ubiquitously expressed 
transcriptional activator, Mem Ip, but subject to 
repression by a2p, while asgs require the alp ac- 
tivator for expression. Thus, in a cells, alp acti- 
vates asgs and a2p represses asgs. Reciprocally, 
asgs are active in a cells but asgs are not, since 
a2p is not present to repress asgs and alp is not 
present to activate asgs (Fig. 6), In both cells 
types, hsgs remain active but are subject to re- 
pression by a complex of alp and a2p in diploid 
cells. Since this complex also represses alp but 
not a:2p, neither asgs nor asgs are expressed in 
diploid. A second gene within MATa, Ae MATa2 
gene, encodes a polypeptide corresponding to the 
last 119 ammo add residues of a2p but has no 
obvious function. To accomplish repression of a- 
specific genes, a2p forms a heteromeric complex 
with other regulatory proteins. This complex con- 
sists of two molecules of a2p and two molecules 
of Mem Ip, which bind cooperatively to operators 
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Fig. 6. Cell type-spedfic genes and their regulation by MAT, 
Haploid cells (a cell and a cell, top) have distinct mating 
phenotypes based on their production of unique peptidic 
pheromones (a-factor and o- factor) and their expression of 
cell surface receptors that recognize the pheromone pro- 
duced by the opposite mating type. In a cells, a cell -specif- 
ic genes (asgs, examples of which include genes encoding 
a-factor and a-factor receptor), haploid -specific genes 



Upstream of the regulated a-specific genes (Fig, 7), 
The operator sequence for o;2p/Mcmlp consists of 
a dyad symmetrical Mcmlp binding region 
flanked by inversely oriented o2p binding seg- 
ments, Transcriptional repression is achieved 
through recruitment of the Tuplp/Ssn6p general 
repression complex as a result of a direct interac- 
tion between cv2p and Tuplp (Fig. 7). As noted be- 
low (Sect, 4.3,3,2), the tv2p/Mcmlp/Tuplp/Ssn6p 
complex also plays a role in ceil type-specific do- 
nor site selection in mating type interconversion. 



(hsgs) and the RMEl gene, encoding an inhibitor of meio- 
sis, are expressed (open arrows genes active; shaded box 
genes inactive). In a cells, alp activates the a-specific 
genes (asgs) whereas a:2p represses as^s. In diploid cells 
(bottom, a/a cell) the alp/«2p complex inhibits the expres- 
sion of hsgs, MATal and RMEl but activates fM£4, allow- 
ing cells to undergo meiosis. See text (Sect, 5,2,2) for de- 
tails 



A23 

Diploids: Sporulation arid Pseudohyphal Growth 

Under normal growth conditions, diploids do not 
express any genes that are not expressed in hap- 
loids. However^ under adverse conditions, such as 
starvation for various nutrients, diploids can in- 
duce expression of collections of genes that will 
promote specific developmental programs. For in- 
stance, starvation for all nutrients promotes ex- 
pression of sporulation-specific genes (ssg), which 
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Fig, 7 A, B. Repression by mating type regulatory proteins* 
Schematic diagram of the interactions of ^i2p with Mcmlp^ 
Tup Ip and Ssn6p in repression of a-specific genes (A) and 
with alp, TUplp, and Ssnhp in repression of haploid specif- 
ic genes (B)* In the former case, a:2p and Mcmlp binds as 
a heterotetramer to a central core Mcmlp binding site 
(light gray segment) bracketed by symmetrical ct2p- binding 
sites (dark gray segment). In the latter case, o;2p and alp 
bind to an asymmetric sequence consisting of a single alp- 
binding site and an adjacent a;2p-binding site. In both 
cases, the bound complex recruits the Tuplp/Ssn6 general 
repression complex 



allows cells to exit the mitotic cycle and embark 
on a program of meiosis and sponilation (Fig. 1). 
The ability to induce this collection of genes en- 
dows diploids with the unique capacity for meio- 
sis and sporulation. The alp-o:2p complex regu- 
lates entry into meiosis through its effect on two 
genes: it represses the synthesis of the meiosis in- 
hibitor Rmelp (an hsg) and it functions as a 
coactivator of the IME4 gene, a positive regulator 
of meiosis. Expression of IME4 is also controlled 
by nutrient availability, such that its expression in 
diploid cells occurs only in the absence of exter- 
nd nutrients {Fig* 6), Ime4p, in turn, activates 
IMEl, a transcriptional activator that initiates the 
complex cascade of events that leads to meiosis 
and sporulation. 



A second developmental program available to 
diploids is a transition to pseudohyphal growth 
under conditions of limited nitrogen availability. 
The transition from cellular to pseudohyphal 
growth results from at least three changes in the 
morphology and behavior of diploid cellsr (1) 
suppression of the cell cleavage following cytoki- 
nesis, (2) a morphological switch from ellipsoidal 
to highly elongated cells and (3) suppression of 
the bipolar budding pattern. In the transition, an 
ellipsoidal cell undergoes an asymmetric ceil divi- 
sion to produce an elongated daughter cell, which, 
in turn, gives birth to an elongated daughter cell 
on the end opposite the previous mother- daughter 
junction. The mother and daughter cells remain 
attached, so iteration of this unipolar division 
pattern produces a filament consisting of linear 
chains of elongated cells (a pseudohypha) (Fig. 1). 
While ellipsoidal yeast cells form round colonies 
on the surface of the medium, the pseudohyphae 
radiate away from the colony mass as well as 
penetrate beneath the medium surface. Remark- 
ably, the signal for nitrogen limitation that elicits 
pseudohyphal growth is transduced by the same 
MAP kinase pathway employed by haploid cells to 
response to mating pheromones. Thus, in Siic- 
charomyces a single signal transduction cascade 
can transduce two distinct messages, each of 
which activates an independent developmental 
program. 



43 

Cell Type Switching^ 

As noted above, haploid yeast cells can change 
mating type in a precisely choreographed fashion 
as often as every generation. This choreography 
results from the intricate pattern of transcrip- 
tional regulation of the HO gene and from a 
highly regulated interaction between distant re- 
gions of the chromosome III. The current under- 
standing of the regulation of HO gene expression 
provides a detailed molecular picture of asym- 
metric segregation of developmental potential, 
that is, how a single cell can give rise to two cells 
with different developmental fates. In addition, 
this system requires that distant regions of a 
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chromosome be brought together in a develop- 
mentally controlled fashion. 

The pattern of mating type switching is dic- 
tated by three rules, each of which reflects an un- 
derlying molecular process. First, only mother 
cells switch (Fig. 4). This results from the fact 
that mothers, but not daughters, transcribe the 
HO gene. Daughter cells can be induced to switch 
simply by ectopic expression of HO. Thus, the HO 
protein is the only element required for switching 
that is lacking in daughter cells. Both the HO pro- 
tein and its transcript are unstable, so daughters 
do not inherit the enzyme and transcripts made 
in mother cells. According to the second rule, 
when cells switch, they do so in pairs. That is, if 
a cell undergoes switching, then both sister cells 
produced from that cell have switched mating 
type. This results from cell cycle regulation of HO 
expression in that HO expression, and thus mat- 
ing type switching, occurs in Gl, prior to DNA 
replication. Accordingly, both sister cells inherit 
the new mating type. The third rule is that al- 
most all mother cells - that is, those capable of 
switching - undergo a mating type switch. That 
is, cells do not make a random choice of donor 
locus during a mating type switch. If they did, 
less than half of mother cells would switch mat- 
ing type, since half would replace the existing 
mating type allele with the identical mating type 
allele from one of the donor loci. Rather, the pat- 
tern indicates that a cells predominantly use HML 
as donor, which contains the a allele, whereas a 
cells use HMR as donor, which carries the a al- 
lele. This biased switching insures that most of 
the switching events result in a change of mating 
type, rather than a futile replacement of the MAT 
allele with the same sequence (Fig. 2). This donor 
preference in switching derives from the mating 
type-dependent differential activation of the do- 
nor loci. 

4 . 3.1 

HO Regulatory Elements 

Multiple transcriptional factors govern transcrip- 
tion of HO through binding to a large upstream 
regulatory domain. At least ten genes, SWIl to 
SWIlO, are required for HO expression. These 
SWI genes define three regulatory activities based 



on analysis of their mutant phenotypes: the 
Swi4p/Swi6p complex confers cell cycle-specific 
regulation to HO, the Swi5p protein provides 
mother/daughter bias in expression, and the 
Swil,2,3p complex regulates the chromatin struc- 
ture across the control region. The Swi proteins 
function in part to antagonize the negative effects 
of regulatory and chromatin proteins encoded in 
genes designated SIN (for Swi independent), since 
mutations in any of the SIN genes allow transcrip- 
tion of HO in the absence of certain subsets of 
SWI genes. 

The large upstream regulatory region (URS) 
for HO consists of two distinct domains, URSl 
and URS2 (Fig. 8). URSl mediates mother-specific 
expression of HO and is the site of action of 
SwiSp and Sin3p. URS2 mediates cell cycle con- 
trol of HO and is the site of the action of Swi4p/ 
Swi6p complex. Swil,2,3p, and Sinlp/Sin2p act on 
both URSl and URS2 and thus may coordinate 
the action of the two domains. Both URSl and 
URS2 contain multiple binding sites for the alp/ 
alp complex, which accounts for the absence of 
expression of HO in diploids. 



4 . 3.2 

Cell Cycle Regulation of HO 

In mother cells, HO is expressed transiently dur- 
ing the cell cycle, shortly before initiation of bud- 
ding and of DNA replication. This restriction of 
HO transcription to late Gl results from the activ- 
ity of the Swi4p/Swi6p complex (named SBF for 
SCB- binding /actor; SCB: Swi4p/Swi6p dependent 
cell cycle box). Deletion of URS2, which encom- 
passes the binding sites for SBF, does not inacti- 
vate HO expression but renders expression inde- 
pendent of cell cycle. SBF is itself activated, at the 
transcriptional level and perhaps by direct phos- 
phorylation as well, by the Cdc28 cyclin-depen- 
dent protein kinase complexed to any one of the 
Gl-specific cyclins. Thus, the late Gl expression 
of HO depends on and occurs after activation of 
Cdc28 by the Gl-specific cyclins. 

Switching of mating type imposes a potential 
phenotypic paradox: cells that switch from a to a 
would be expected to produce ce-factor even 
though the cell should still contain a-factor-recep- 
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Late G1 phase 




Fig. 8A,B* Mechanism of the cell type-, cell cycle- and cell- 
lineage regulation of HO expression. A The upstream regu- 
latory sequence (URS) of HO can be functionally divided 
into URSl and URS2* UR5J has two binding sites for Swi5p 
and URS2 has at least three sites for SBF (the Swi4p/Swi6p 
complex), URSl and URS2 have three and six sites, respec- 
tively, for alp/o;2p and are the sites of action of the 
Swil,2,3p complex. B SvfiSp {filled ellipse) is synthesized in 
G2 and M phases of the cell cycle (see Fig. 1) and enters 
both mother (M) and daughter (D) nuclei but only at 
the end of mitosis. This coincides with the appearance 
of Ash Ip (designated A) only in daughter ceil nucleus. 
Swi4p/Swi6p (SBF shaded ellipse) is expressed and possibly 
activated by Cdc2Sp in late GL SwiSp and SBF together 
activate HO expression in mother cells. In daughter cells, 
however, Ash Ip inhibit HO transcription by antagonizing 
Swi5p 



ton This could set up an autocrine loop in which 
the cell would signal its own cell cycle arrest and 
thus inhibit its own growth. Several factors pre- 
vent this non-productive result. First, as noted 
above^ HO is activated at a stage in the cell cycle 
subsequent to the point at which cells are sensitive 
to mating- factor- induced cell cycle arrest ThuSj 
cells have a complete cell cycle during which to 
convert the genetic change in mating type into a 
phenotypic change in mating type. Second, the 
two mating factor receptors appear to be mutually 
inhibitory so that their simultaneous presence on 
the cell surface would prevent either of them from 
functioning. Finally mating factor receptors under- 
go ligand- induced endocytosis and degradation. 
Accordingly the coexpression of a mating factor re- 
ceptor and its corresponding mating factor would 
promote clearance of the receptor from the cell sur- 
face. Other aspects of the phenotypic conversion of 
mating type, such as clearance of cell type-specific 
agglutinins, have not been fully resolved. 

433 

Mother-Daughftr Regulation of HO^ 

Two transcriptional regulators contribute to the 
mother-cell-specific expression of HO. As noted 
above, the zinc-hnger DNA binding factor, SwiSp, 
binds to sites within the URSl region of the HO 
promoter (Fig. 8), which is the region that medi- 
ates mother-cell-specifLc expression of HO. 
Further, HO expression in mother cells requires 
Swi5p and constitutive expression or stabilization 
of Swi5p by mutation causes daughter cells to 
switch. While these observations implicate Swi5p 
in mother-daughter bias in HO expression, other 
observations indicate that SwiSp is not the pri- 
mary determinant. SwiSp is synthesized in the G2 
and M phase of the cell cycle and enters the nu- 
cleus only at the end of mitosis {Fig. 8). However, 
Swi5p enters both mother and daughter nuclei in 
similar amounts and activates transcription of 
genes other than HO equally well in both mother 
and daughter cells. Therefore Swi5p per se is not 
the primary or sole determining factor of mother 
cell specificity. Additional mother or daughter 
ceU-spedfic factors must exist to confer mother 
cell specificity of HO expression. 
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The second factor involved in mother- daughter 
bias is Ash Ip, a transcriptional repressor that pre- 
ferentially accumulates in daughter cells and in- 
hibits expression of HO (Fig. 8). Ashlp satisfies a 
number of criteria expected for the primary cell 
fate determinant for mating type switching. First, 
Ashlp is necessary for preventing daughter cells 
from switching mating type. Deletion of ASHl 
causes daughters to express HO, which leads to an 
increase in mating type switching in daughters 
from less than 1 to ^^90%. Second, expression of 
ASHl in mother cells inhibits mating type switch- 
ing. Third, Ashlp accumulates asymmetrically at 
cell division such that Ashlp is found only in 
daughters. Ashlp can be detected in both mother 
and daughter nuclei at the end of anaphase but it 
accumulates to much higher levels in daughter 
cells and remains present only in daughters and 
only during Gl. Ashlp then rapidly disappears as 
daughter cells enter the next cell cycle and re- 
mains absent in S, G2 and mitosis. Thus, accumu- 
lation of Ashlp in daughter cell nuclei coincides 
temporally with that of Swi5p (Fig. 8). 

Ashlp contains a zinc-finger motif for DNA 
binding that is related to those of the GATA tran- 
scription regulators. Thus, Ashlp may bind to the 
URS of HO to inhibit its transcription. If bound 
to the URS of HO, Ashlp may either interact with 
Swi5p to antagonize its function or simply pre- 
vent SwiSp from binding to the URS. Interestingly 
in this context, deletion of a particular region of 
SWI5 allows daughter cells to switch. Ashlp may 
interact with this part of Swi5p to prevent it from 
activating HO expression. In sum, mother cell 
bias in HO expression, and thus mating type 
switching, arises from uniform distribution of the 
transcriptional activator Swi5p to both mothers 
and daughters but accumulation of the HO repres- 
sor protein Ashlp only in daughters. 

4.3.3.1 

Asymmetric Localization of ASHl mRNA 

Asymmetric localization of Ashlp results from 
asymmetric segregation of its messenger RNA 
(mRNA). In an asynchronous population of hap- 
loid cells, only large budded cells with two dis- 
tinct nuclei (indicative of postanaphase cells, i.e., 
cells that have completed nuclear division but not 



cytokinesis; see Fig. 3) show accumulation of 
ASHl mRNA by fluorescence in situ hybridiza- 
tion. This is consistent with the cell cycle pattern 
of ASHl mRNA synthesis. In these cells ASHl 
mRNA exhibits punctate staining, suggesting that 
the RNA is present in particles. Several mRNAs 
that exhibit restricted localization in higher eu- 
karyotes, such as bicoid mRNA in Drosophila em- 
bryos, are found in morphologically similar parti- 
cles, which also contain one or more proteins re- 
quired for the restricted localization. Finally, the 
ASHl mRNA particles are concentrated at the dis- 
tal tip of the large bud. That is, only the cell des- 
tined to become the daughter acquires ASHl 
mRNA. 

Several signals within the ASHl mRNA are re- 
sponsible for its localization to the distal tip of 
emerging daughter cells. One signal resides in the 
3' untranslated region (3'-UTR). Deletion of the 
3'-UTR of ASHl mRNA leads to random distribu- 
tion of the mRNA in mother and daughter cells, 
while addition of the 3'-UTR of ASHl mRNA to 
another RNA promotes localization of the chi- 
meric RNA to daughter cells. However, the chi- 
meric RNA, while localized to the daughter cell, is 
not restricted to the distal tip of the cell. Thus, at 
least one other signal in ASHl RNA other than 
the 3'-UTR is needed for its precise localization 
in the cell, perhaps serving to anchor the RNA to 
its final destination in the daughter. 



4.3.3.2 

Asymmetric Distribution of Ashlp 
Depends on the Actin Cytoskeleton 

Several genes are required for asymmetric distri- 
bution of ASHl mRNA and, accordingly, of 
Ashlp. One set includes five genes designated 
SHE, for Swi5p-dependent HO expression. Muta- 
tion of any one of the SHE genes reduces the fre- 
quency of mating type switching in mother cells 
from 70 to 6%, due to accumulation of Ashlp in 
mothers as well as daughters. The near-uniform 
accumulation of Ashlp in she mothers and daugh- 
ters results from a failure to accumulate ASHl 
mRNA in daughter cells of such mutants. ASHl 
mRNA particles are distributed throughout the 
mother and daughter cell compartments of large 
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budded shel, she2, she3, or she4 cells. Deletion of 
SHE5, on the other hand, leads to the mislocaliza- 
tion of ASHl mRNA to the mother-bud neck 
region of postanaphase cells. One model that 
accounts for these observations proposes that 
Shelp-She4p comprise the machinery for trans- 
porting ASHl mRNA while She5p defines the 
proper orientation of the transport machinery. 

SHE genes encode non-essential cytoskeletal 
proteins. SHEl is identical to the yeast gene 
MY04y which codes for a protein closely related 
to Myo2p, an actin-based myosin motor. SHE5 is 
identical to the yeast gene BNIl (for bud neck in- 
volved), whose product has been shown to be in- 
volved in promoting actin-filament formation and 
polarization. Bnilp is a member of the formin 
family, members of which participate in cell po- 
larization, cytokinesis, and vertebrate limb forma- 
tion. She4p is an uncharacterized protein needed 
for the proper polarization of the actin cytoskele- 
ton. Thus, many, if not all, of the currently identi- 
fied genes required for ASHl mRNA localization 
play a role in forming, organizing, or interacting 
with the actin cytoskeleton. 

Consistent with the identification of She proteins 
as components of the actin cytoskeleton, disrup- 
tion of the actin-cytoskeleton (by actin-depolariz- 
ing drugs or by mutating actin) yields uniform dis- 
tribution of ASHl mRNA (as well as Ashlp) 
throughout mother and bud. In contrast, disrupt- 
ing microtubules has no effect on ASHl mRNA lo- 
calization even though nuclei are prevented from 
migrating to the bud neck. Mutations in the 
TPMl gene (encoding the major tropomysin iso- 
type in yeast) or PFYl (the profilin gene) also 
block localization of ASHl mRNA. Actin, tropomy- 
sin, and profilin are all involved in the formation of 
the actin cables that run from mother cells into 
their buds. This actin cytoskeleton has been impli- 
cated in the generation of the structural asymmetry 
in the budding process of yeast. During cell divi- 
sion, the actin-based motor Myo2p transports ves- 
icles on the asymmetric actin filaments into the 
growing bud. Myo4p (Shelp) and perhaps other 
She proteins may facilitate the accumulation of 
Ashlp mRNA in daughter cells in the same way. 
In summary, ASHl mRNA localization requires 
Myo4p, a putative actin-dependent motor protein, 
as well as tropomyosin, profilin, and actin itself. 



strongly suggesting that the actin cytoskeleton 
mediates the transport and localization of ASHl 
mRNA. 

4 . 3.4 

Donor Preference in Mating Type Switching"^ 

During mating type interconversion, the MAT 
locus located in the middle of chromosome III 
must associate physically with one of the two 
telomeric regions containing the donor loci, HML 
or HMR (Fig. 2). This long-distance (>90 kb) in- 
teraction is genetically regulated, since cell type 
governs the choice of donor locus that will inter- 
act with MAT Donor preference does not rely on 
sequence differences between HML or HMR but 
rather results from a cell type-dependent activa- 
tion of the chromosome context of the donor loci 
and an active competition between the two com- 
petent donors. This process, while critical to the 
patterning of mating type switching, is still 
poorly understood. 

4 . 3 . 4. 1 

A cfs- Acting Element Governs Donor Preference 

To promote selective interaction between MAT 
and one of the repository HM loci, cells must dis- 
tinguish between the two HM loci in a cell type- 
specific manner. That is, a cells can distinguish 
between the two loci and select HML, while a cells 
can distinguish between the two loci and select 
HMR. A number of experiments document that 
this discrimination is not based on any features 
in or around the two HM loci. The cells do not 
differentiate between the two loci based on the 
different alleles resident at the two donor loci, 
nor on the unique sequences in the local vicinity 
of either locus, nor on any of the DNA sequences 
distal to either locus on chromosome III. Further, 
sequences flanking MAT also do not function in 
the process of preferential selection. Nonetheless, 
the chromosomal context of the donor loci is im- 
portant: the cell can distinguish between the two 
donor loci at their normal site on chromosome 
III even when MAT resides on a different chromo- 
some than chromosome III. Thus, donor selection 
presents an apparent conundrum in that the chro- 
mosomal context is important for choosing the 
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Fig. 9. Mechanism of donor preference in mating type 
switching. Diagrammed are versions of chromosome III 
carrying different mutations of the recombination enhancer 
(RE> shaded box) in a cells {upper three) and a cells (lower 
three). The shaded circle indicates the position of the cen- 
tromere. In each case an arrow targeting MAT (open box) 
designates the preferred donor (HML black boXy or UMR 
shaded box) during mating type inferconversion. The first 
chromosome in each triplet represents the wild-type con- 
figuration, the second represents a deletion of the recombi- 
nation enhancer and the third represents mutations in the 
DPS sites (stars) that eliminate the ct2p -binding sites but 






not the Mcmlp-binding sites. In a cells, Mcmlp (shaded 
ellipse) activates the recombination enhancer to render 
HML the preferred donor. In the absence of the RE, HMR 
becomes the preferred donor by a default mechanism. As 
shown, eliminating the a2p-bindmg sites in the RE does 
not affect donor preference in a cells. In q cells, cv2p pre- 
vents Mcmlp from activating RE and the default mecha- 
nism then specifies HMR as the preferred donor. Deletion 
or the RE does not alter that outcome. However, deletion of 
the ci!2p-binding sites in the RE precludes a2p inhibition of 
Mcmlp, which is then able to activate the RE and promote 
HML as the preferred donor 
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appropriate donor but no landmarks in the local 
vicinity of the donor loci or MAT contribute to 
the recognition process. 

This conundrum suggests that the regions dic- 
tating donor selection extend over distances sig- 
nificantly larger than individual genes. Consistent 
with this hypothesis, a large (>40 kb) region of 
the left arm of chromosome III exhibits a cell 
type-specific difference in recombination poten- 
tial. That is, genes present anywhere within 40- 
60 kb of the left end of chromosome III undergo 
mitotic recombination at a frequency at least 20 
times higher in MATa cells than in MATa cells. A 
small DNA segment, less than 2 kb in length, lo- 
cated ca. 30 kb from the left end of chromosome 
III is responsible for this enhanced recombination 
potential (Fig. 9). Deletion of this site, referred to 
as a recombination enhancer, or RE, from its nor- 
mal location reduces the left arm recombination 
rate in a cells to the low rate seen in a cells. Reci- 
procally, moving the 2-kb RE site to the right arm 
of chromosome III enhances the recombination 
rate of the right arm of chromosome III in a cells 
but not a cells. 

The activity of the recombination enhancer can 
account for donor selection in mating type 
switching. Deletion of the recombination enhan- 
cer results in selection of the inappropriate donor 
in a cells, that is, selection of HMR instead of 
HML. Thus, under normal conditions, the recom- 
bination enhancer activates the left arm of chro- 
mosome III for recombination. As a result, the 
cell uses HML, which lies within the domain af- 
fected by RE, to complete the recombination 
event initiated by the HO -induced cleavage of 
MAT. In a cells, the RE is inactivated by the 
mechanism described below, the left arm becomes 
refractory to recombination and HML becomes 
unavailable to serve as donor. As a consequence, 
the cell uses HMR to complete the gene conver- 
sion of MAT through a donor selection default 
mechanism that is not fully understood. 

4.3.4.2 

frans- Acting Factors Involved 
in Donor Preference 

The fact that different haploid cell types choose 
different donor loci implies that some aspect un- 



derlying cell type differentiation dictates donor 
selection. As noted above, three transcriptional 
regulators encoded by the two MAT alleles, alp, 
o;lp, and ce2p, confer cell type identity. Of these, 
only 0 ' 2 p plays a role in donor selection during 
mating type interconversion. Cells expressing a2 
(typically a cells) select HMR as donor while cells 
lacking o:2 (typically a cells) select HML as donor, 
independent of other mating type gene products. 
As noted above, a2p functions in transcriptional 
repression in the process of cell type determina- 
tion by interacting with Mem Ip and Tuplp/Ssn6p 
to repress a-specific genes in a cells and diploid 
cells (Fig. 7) and with alp and Tuplp/Ssn6p to 
repress haploid specific genes in diploid cells. As 
noted below, some of these same interactions are 
required for proper donor selection. 

alp regulates donor preference by inactivating 
the recombination enhancer (RE) on the left arm 
of chromosome III. The recombinational enhancer 
encompasses two a2p/Mcmlp binding sites. These 
sites (named DPSl and DPS2) bind a2p and 
Mcmlp in vitro and can mediate cell type-specific 
expression in vivo when placed upstream of a test 
gene. Mutations of a2p that disrupt its interaction 
with its DNA target, with Mcmlp, or with Tup Ip 
all abolish normal donor preference, indicating 
that the ability of a2p to bind DNA and to interact 
with Mcmlp and Tup Ip is essential for its role in 
donor preference. Moreover, Tup Ip itself is re- 
quired for donor preference in a cells. Thus, a2p 
functions in donor locus selection in a manner 
similar to that employed in its repression of a-spe- 
cific genes. That is, a2p binds DNA as a complex 
with Mcmlp and recruits Tuplp/Ssn6p to exert 
control of donor selection (Fig. 9). 

The DPSl and DPS2 sites play a critical role in 
the activity and regulation of the recombination 
enhancer. Precise deletion of both DPSl and 
DPS2 sites in the RE results in loss of donor pre- 
ference in MATa cells, indicating that these sites 
are required for recombination enhancement ac- 
tivity. This may suggest that RE activity depends 
on binding of Mcmlp, which is present in a as 
well as a cells, to DPSl and DPS2. In contrast, 
deletion of only the a2p binding sites in each of 
the DPS sites does not affect donor selection in 
MATa cells (HML is selected as usual) but causes 
MATa cells to choose the wrong donor {HML in- 
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Stead of HMR; Fig. 9). Thus, a2p reverses the acti- 
vating effects of Mem Ip, presumably by binding 
adjacent to it and recruiting the Tuplp/Ssn6p re- 
pressor complex. How Mem Ip binding to DPSl 
and DPS2 promotes enhanced recombination over 
the large region of chromosome III is not known. 
The chromatin structure surrounding the DPS 
sites is substantially different in a cells versus a 
cells. However, this difference is restricted to the 
RE itself and thus the effects of the RE extend 
well beyond the region in which cell-specific dif- 
ferences in chromatin structure are observed. 

The product of the CHLl gene also participates 
in donor selection. Mutations in CHLl were ini- 
tially identified because they caused increased 
chromosomal loss during mitotic growth, hence 
its name. Subsequent genetic screens identified its 
role in donor selection: MATa chll cells select do- 
nor loci at random, although MATa chll cells ex- 
hibit a normal preference for HMR. Thus, Chi Ip 
only exerts its effect in the absence of alp. Chllp 
is homologous to a DNA helicase. In sum, these 
data suggest that proper functioning of the re- 
combination enhancer requires Chllp, although 
the particular mechanism is unknown. One mod- 
el consistent with these observations is that the 
recombination enhancer serves as an entry site 
for loading onto the left arm of chromosome III a 
recombination complex that includes Chllp. The 
complex would then migrate outward along the 
chromosome and facilitate recombination across 
the region surrounding the enhancer. In the pres- 
ence of a2p, the recombination enhancer would 
not promote entry of the complex and, as a con- 
sequence, the recombination frequency in the re- 
gion would not be elevated. 

4.3.4.3 

Mechanism of Donor Preference 

The observations described above provide a 
framework for understanding donor preference 
and indicate that the mechanisms for donor 
preference are different for a cells and a cells. In 
MATa cells, the RE activates the left arm of chro- 
mosome III for recombination and HML becomes 
favored as donor. In MATa cells, a2p inactivates 
the recombination enhancer, recombination over 
the left arm is not stimulated, so HMR is selected 



as donor through a default mechanism. Thus, a 
cells rely on recombination enhancement while a 
cells rely on an intrinsic preference of HMR over 
HML. While this mechanism provides a basis to 
account for donor selection, the mechanism raises 
even more questions. How is RE activated? How 
does the effect of RE extend across such a large 
region of the chromosome? How does RE increase 
the recombination frequency? Why is HMR the 
default locus when left arm recombination is not 
activated? and why does the cell use this global 
mechanism to achieve a specific interaction be- 
tween two genes? 



4.3.5 

Transcriptional Silencing^ 

Each of the repository mating loci, HML and 
HMRy contains a complete copy of one set of the 
regulatory genes used by the cell to establish cell 
type. However, these genes cannot be active, since 
coexpression of the a and a mating type informa- 
tion would result in the non-mating phenotype of 
a diploid cell. This is true even though the pro- 
moters that drive expression of the mating type 
genes also reside within the HM loci. The absence 
of expression of the genes at these repository loci 
results from a specialized repression mechanism, 
termed silencing. This repression mechanism ex- 
tends over the HM loci to repress transcription of 
whatever genes happen to reside within the loci. 
Thus, the mechanism is region-specific but not 
gene-specific. 

Substantial evidence suggests that transcrip- 
tional silencing is achieved by formation of a het- 
erochromatin-like structure at the HM loci. First, 
the silent loci are relatively inaccessible to DNA 
modifying agents such as DNA methyl transferase 
and DNA repair factors in vivo, and to endonu- 
cleases in chromatin preparations in vitro. Sec- 
ond, similar to DNA in heterochromatin in me- 
tazoan cells, transcriptionally silenced regions in 
yeast replicate late in S phase. Third, nucleosomes 
from transcriptionally silenced HM loci exhibit 
reduced acetylation of lysine residues in the N- 
terminal domain of histones H3 and H4 relative 
to that of nucleosomes from active regions of the 
genome. Furthermore, the particular pattern of 
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Fig. 10. A model for the establishment of transcriptional si- 
lencing. ORC and Raplpj which bind to the silencers (£ 
and I domains}^ initiate transcriptional silencing at the HM 
loci. ORC and Rap Ip then recruit Sir Ip and Sir3p to the si- 
lencers through direct interactions. Sir Ip and Sir3p in turn 
recruit Sir4p and Sir2p. Together^ Sir2p, Sir3p, and Sir4p 
polymerize along the chromatin to inhibit transcriptional 



activation. This is made possible by the ability of Sir3p and 
Sir4p to interact with histones H3 and H4. Telomere silenc- 
ing is similarly established but only Rap Ip, which binds 
multiple sites in the telomere sequence, is involved in 
recruiting Sir2p, Sir3p, and Sir4p. Sir Ip is not involved in 
telomere silencing 



acetylation of histone H4 from the HM loci re- 
sembles that of nucleosomes in centric hetero- 
chromatin in Drosophila. Finally, DNA within 
silenced HM loci exhibits a topology consistent 
with the nucleosomes over the region, being more 
densely or tightly packed than they are in regions 
of active chromatin. 

Transcriptional silencing results from the coor- 
dinated action of both cis-acting sites and trans- 
fecting factors. Small regulatory sequences, termed 
the E and I silencers, flank both HML and HMR 
(Fig. 10). These silencers are both necessary and 
sufficient to support silencing: removal of silen- 
cers leads to full expression of HML and HMR 
whereas introduction of sOencers next to MAT re- 
presses it. Silencers consist of various combina- 
tions of three binding sites for proteins Rap Ip, 
Abflp and the origin recognition complex (ORC) 
and promote establishment of silencing, mainte- 
nance of repression during progression through 
the cell cycle and inheritance of the repressed 
state from one generation to the next. 

Transcriptional silencing requires various 
?m«S“acting factors. SOencing depends on a num- 



ber of proteins that perform other essential func- 
tions in the cell, such as histones, the ORC com- 
plex, Rap Ip and Abflp. In addition, four proteins 
appear to function exclusively in transcriptional 
silencing: mutational inactivation of 5JR2, 5/R3, 
and SIR4 yields complete derepression of HML 
and HMR, and mutational inactivation of SiRi 
leads to defects in the establishment or mainte- 
nance of silencing. 

The interactions among the proteins involved 
in silencing provide a model by which these pro- 
teins promote silencing (Fig. 10). Genetic and bio- 
chemical evidence indicates that Sir3p and Sir4p 
can bind to themselves and to each other and to 
the amino-terminal domains of histones H3 and 
H4. Sir3p also interacts with histones H2A and 
H2B. Sir2p can bind to Sir3p and Sir4p. Sirlp and 
Sir3p bind to ORC and Rap Ip, respectively, and 
both Sirlp and Sir3p can bind Sir4p. Finally, 
Sir2p may modify the acetylation state of nucleo- 
somes with which it associates. These observa- 
tions suggest that silencers initiate local alteration 
of the chromatin by first binding ORC and 
Rap Ip, which in turn recruit Sirlp and/or Sir3p, 
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respectively, through direct binding. Sir Ip and/or 
Sir3p in turn recruit Sir4p and Sir2p to the silen- 
cer, and these two proteins, along with Sir3p, 
polymerize outward along the chromatin. In this 
manner, Sir2p, Sir3p, and Sir4p form an extended 
complex that serves as an integral part of the 
silenced chromatin. The precise nature of this 
silenced chromatin, though, remains unsolved. 
Similar mechanisms most likely underlie specia- 
lized repressive chromatin in other regions of the 
genome such as telomeres and the rDNA locus, 
since mutations in a subset of the SIR genes 
abolish repression at these sites. 

4.4 

Outlook 

Studies of yeast cell type determination have been 
extremely fruitful in the past two decades. Recent 
advances in understanding the molecular mecha- 
nisms of asymmetric segregation of cell type de- 
terminants and donor preference in mating type 
switching in yeast have answered several persis- 
tent questions, but at the same time pressed the 
inquiry to a deeper level. How does the cell fate 
determinant Ash Ip inhibit HO expression: does 
Ash Ip have to bind DNA and/or SwiSp to exert 
its effect? In the asymmetric localization of ASHl 
mRNA, what is the real cargo for the actin cell 
skeleton: is it ASHl mRNA alone or are there 
other proteins involved in connecting the mRNA 
to motor proteins? Is Myo4p the real functional 
motor responsible for transporting the cargo? 
What directs the localization of ASHl mRNA? 
What anchors ASHl mRNA to the distal tip of the 
growing cell? Concerning donor preference, what 
is the nature of the activation/repression of the 
left arm of chromosome III: does it involve an 
altered chromatin structure or an unusual higher- 
order arrangement of the chromatin? If so, how is 
it established? What are the roles of the Mem Ip 
and Chi Ip in activating recombination and the 
role of a2p/Mcmlp complex in repressing recom- 
bination? Why should yeast employ such a seem- 
ingly non-specific strategy to regulate the recom- 
binogenicity of relatively small loci? Does this 
mechanism suggest an uncharacterized global reg- 
ulation of chromosome III? The ease of genetic 
and biochemical manipulation of yeast render 



these questions suitable topics on the agenda of 
investigators for the next few years. 

4.5 

Summary 

Cell differentiation involves formation of progeny 
that are distinct from cells of the previous genera- 
tion and often that are distinct from each other. 
Although the yeast Saccharomyces cerevisiae is a 
unicellular organism, its life cycle presents an ex- 
ample of differentiation involving asymmetric 
segregation of developmental potential. In particu- 
lar, haploid Saccharomyces cells have the remark- 
able potential to change mating types as often as 
every generation, through an intrachromosomal 
gene conversion initiated by an endonuclease en- 
coded in the HO locus. The precisely choreo- 
graphed pattern of mating type switching derives 
from an as yet unexplained cell type-dependent 
selection of donor loci during switching and from 
an exquisite cell type-, cell cycle- and cell lineage- 
dependent regulation of HO gene expression. Re- 
cent identification of Ash Ip as the asymmetrically 
segregated cell-fate determinant and the concomi- 
tant demonstration that the pattern derives from 
asymmetric localization of ASHl mRNA via the 
actin cytoskeleton has documented the conserva- 
tion of developmental mechanisms among eukar- 
yotes and ratified Saccharomyces as a valuable 
model system for developmental biology. 
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of the Filamentous Fungus Neurospora crassa 
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5.1 

Introduction ' 



Fungi are eukaryotic, heterotrophic organisms 
with an absorptive mode of nutrition. Most fungi 
grow in yeast-like or filamentous forms which are 
characteristically multicellular and multinucleate. 
The fungal cell is, in most cases, protected by a 
rigid polysaccharide wall. Recently, in recognition 
of the unique nutritional and morphological attri- 
butes of fungi, as expressed in the immensely di- 
verse habitats and niches various fungi accommo- 
date, taxonomists have elevated their taxonomic 
ranking to a separate kingdom - The Fifth King- 
dom, on equal footing with plants and animals. 
The genetics of naturally occurring inter- and in- 
traspecific fungal diversity and the speciation in 
fungi have been reviewed by Perkins (1991). 

The basic plan of filamentous fungi is a micro- 
scopic tubular form that grows at the tip and be- 
comes multicellular by septation. The linear hy- 
phal growth confers an important advantage in or 
on solid substrates. In contrast to unicellular 
forms, filamentous fungi can invade new niches 
rather than stay confined as a colony to less fa- 
vorable substrates. The effective asexual and sex- 
ual reproduction and propagule dispersal systems 
present in most (but not all) fungi complement 
the proliferative capacity of the fungal mycelium. 

The proliferative success of many fungal spe- 
cies can be attributed to the fact that fungi are 
modular organisms. Garble has summarized the 
modular characteristics of filamentous fungi, 
which include (1) growth by iteration of modular 
units (2) open-ended growth (while conditions 
permit) (3) variation in organismal size (4) com- 
mon lack of motility, thus resources are reached 
via growth (5) localized (rather than organismal) 



response to the environment (6) almost absolute 
organismal tolerance to local damage (7) repro- 
ductive potential increases indefinitely (8) clonal 
reproduction is common (9) senescence and 
death may be locally confined, with loss of un- 
wanted modules. 

Even though the modular nature of fungi dif- 
fers from more complex organisms, fungi serve as 
highly suitable models for analysis of basic genet- 
ic and cellular events common to almost all eu- 
karyotes. Moreover, the fact that some fungi are 
easy to grow, analyze, and manipulate has made 
them convenient model systems of choice for 
many researchers. As the time and efforts devoted 
to the study of fungal biology have progressed, 
occurrence of mammalian homologues to fungal 
genes has been frequently identified, further sup- 
porting the relevance of findings obtained by the 
study of fungal systems to the scientific commu- 
nity. 

5,2 

Neurospora crassa as a Model 
for Filamentous Fungi ^ 

In this chapter, we have chosen Neurospora crassa 
to demonstrate some of the developmental fea- 
tures of filamentous fungi, yet some major differ- 
ences between N crassa and other fungi will be 
discussed. Overall, though diversity among fungi 
can be immense, many of the basic concepts of 
fungal growth and development are common. 

N crassa is a eukaryotic organism which be- 
longs to the phylum Ascomycotina. In nature, it 
grows on decaying or burnt vegetation in tropical 
or subtropical areas. Since the 1840s, when Louis 
Pasteur was called to advise the French army re- 
garding the cause of infestation of bread from the 
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Paris bakeries by an orange bread mold (cham- 
pignons rouges du pain), the fungi of the genera 
Neurospora have been the object of biological ex- 
periments. One century later, the era of biochem- 
ical genetics was opened by the pioneering work 
of Beadle and Tatum, who obtained, using N, cras- 
sa, the first biochemical mutants and proposed 
the one-gene-one-enzyme hypothesis. Since then, 
Neurospora has aided in making fundamental 
contributions in a broad spectrum of biological 
research. Much of the knowledge accumulated by 
the study of N. crassa has often been shown to be 
highly relevant to other eukaryotes, spanning the 
entire evolutionary spectrum. Examples of studies 
initially carried out in Neurospora include: nutri- 
tional mutants (including the identification of the 
first conditional biochemical mutants), transla- 
tional suppression, cross-pathway control of ami- 
no acid biosynthetic enzymes, membrane trans- 
port systems, circadian rhythms, vegetative in- 
compatibility, mating types, etc. (for a detailed 
perspective see Perkins 1992). 

Today, a large amount of information is avail- 
able on the genetic, biochemical, ultrastructural, 
and morphogenetic aspects of this organism. 
Hundreds of auxotrophic, morphological and de- 
velopmental mutant strains exist, and are main- 
tained at the Fungal Genetics Stock Center 
(FGSC) in Kansas City (USA). The center also 
maintains an internet site (http://www.kumc.edu/ 
research/fgsc/main.html) which contains short ar- 
ticles on techniques, new strains, genetic maps, 
recent bibliography, and links to other mycologi- 
cal resources. Mutants available so far define 
more than 600 different genes (in addition to 
other genes which have been defined on the basis 
of structural similarity to genes analyzed in other 
organisms). About half of these genes have effects 
on morphology. The strain collection also has a 
group of Neurospora isolates collected from na- 
ture. 

Besides the well-advanced classical genetics 
and molecular biology, there are many features 
that make Neurospora an attractive model system 
to study morphogenesis and development. The 
first is that this fungus is structurally much sim- 
pler than multicellular eukaryotes, producing only 
about a dozen different morphological structures 
in its life cycle. Sufficient quantities of several of 



these structures can be produced in the labora- 
tory. Thus, it is one of the simplest among the 
complex eukaryotic organisms. Second, the ability 
to grow on simple, well-defined medium is very 
useful for studies relating to biochemistry and 
nutritional effects on morphogenesis. Third, it 
grows very fast and under laboratory conditions; 
the entire life cycle can be completed in 2 weeks 
when including sexual crosses, while the vegeta- 
tive cycle requires only a few days. Fourth, it 
reacts to many environmental stimuli like CO 2 , 
nitrogen and carbon starvation, blue light, and 
gravity. 



5.2.1 

The Life Cycle of Neurospora crassa 

N crassa has an asexual and a sexual life cycle 
(Fig. 1). In the asexual cycle, a conidium or an 
ascospore germinates on a suitable substrate and 
forms the mycelium, a mat of branched inter- 
twined hyphae. The hyphae have perforated 
cross-walls which, in addition to creating cyto- 
plasmic continuity throughout long stretches of 
the fungal mycelium, allow organelles such as nu- 
clei or mitochondria to pass through. The myce- 
lium is therefore coenocytic. Under optimal con- 
ditions, the mycelial front advances on solid me- 
dium at the rate of more than 10 cm per day. 
After a few days, aerial hyphae and macroconidia 
are formed. Macroconidia have from one to five 
nuclei. A different class of spores, microconidia, 
are formed directly from mycelia in old cultures. 
Microconidia are smaller than macroconidia and 
have only one nucleus. 

Some species of Neurospora (including N cras- 
sa) are heterothallic, namely, they have two mat- 
ing types. The two mating types, A and a, which 
are idiomorphs (two alternative DNA sequences at 
the same chromosomal locus), are identical in 
morphology and distinguishable only in their 
mating reaction. Under laboratory conditions, 
several days after inoculation of media with either 
mating type (under suitable conditions, see later), 
the newly formed female structures (protoperi- 
thecia) can be fertilized with cells of the other 
mating type. About 2 weeks from fertilization the 
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Fig, 1, Neurospora crassa life cycle. Depending on environ- 
mental conditions, the vegetative mycelium can undergo 
the asexual sporulation process of macroconidiation or mi- 
croconidiation. It can enter the sexual cycle by forming 



mature perithecia start shooting ascospores in 
groups of eight This process continues for several 
days, 

S,2,2 

Microbiological and Genetic Techniques^ 

Neurospora is haploid except for a transient phase 
which precedes meiosis during the sexual life cy- 
cle, The haploid genome contains about 4x10^ 
base pairSj roughly corresponding to ten times 
the size of the £, coli genome. The young asco- 
spores have several genetically identical nuclei. 
Most of the genetic or biochemical work is done 
using conidia or mycelia grown from them. Tech- 
nically the fungus is handled in a manner similar 
to a prokaryotic organism like E. colL 



protoperitheda, which, upon fertilization, can initiate de- 
velopment leading to the production of meiotically derived 
ascospores, (After Springer 1993) 



AT, crassa protoplasts (fungal cells lacking the 
rigid cell wall) can he prepared and transformed 
efficiently to yield about 10^-10^ transformants 
per pg DNA. The transformants arise by integra- 
tion of incoming DNA into the chromosomes. 
Similar, as well as other> transformation proce- 
dures have been developed for a growing number 
of fungal species. Reverse genetics approaches, al- 
lowing for the analysis of gene function on the 
basis of isolated DNA fragments, are possible via 
homologous gene disruption experiments as well 
as by using a natural gene inactivation process 
termed RIP (repeat-induced point mutations). 
This process occurs during the sexual cycle of K 
crassa and introduces multiple GC to AT transi- 
tions, accompanied by methylation of many cyto- 
sine residues, in duplicated DNA segments. As a 
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result of RIP> duplicated DNA segments are struc- 
turally altered and functionally inactivated in 
some of the progeny obtained from a cross in 
which one or both parental strains harbor dupli- 
cated DNA sequences. 

More than 250 genes have already been cloned, 
and cosmid and cDNA libraries are available from 
the FGSC, Any chromosomal segment, even when 
cloned only as cDNA, can be mapped with a re^ 
striction polymorphism kit also available from 
the FGSC, The identification and availability of 
various genes and gene fragments has been signif- 
icantly accelerated since the initiation of the Neu- 
rospora genome project Information on this pro- 
ject (as well as the parallel Aspergillus nidulans 
genome sequencing effort) can be obtained at the 
FGSC site. The culmination of the ongoing effort 
to sequence the genomes of N. crassa and A ni- 
dulans will dramatically enhance the possibilities 
to identify genes> study their function, and ma- 
nipulate fungal traits. 



53 

Morphological Studies^ 

53.1 

From Spore to Mycelium 

K crassa can produce three different types of 
sporeSj asexual microconidia and macroconidia> 
and sexual spores (ascospores). Two asexual sporu- 
lation pathways, involving different mechanisms of 
budding from hyphae, lead to the formation of the 
micro- and macroconidia. The ascospores are pro- 
duced by a more complex reproductive pathway 
which involves fruiting body formation, meiosis, 
and the concomitant formation of the spores with- 
in sac -like structures (asci). The germination of 
asexual versus sexual spores is also very different. 
Asexual spores will grow at once when put into 
growth medium; they are not long-lived at normal 
temperatures and conditions. Ascospores, on the 
other hand, which are protected by thick, mela- 
nin-rich coats, will remain viable in the dormant 
state for many years, resistant to a number of envi- 
ronmental stresses. They do not grow simply in re- 
sponse to availability of nutrients. The ascospores 




Fig, 2. Germinating as cospore. The as cospore Is 25 pm 
long. {Courtesy of Rudi Lurz and Wolfgang Heimler) 



can be germinated by a heat shock or by furfural 
treatment. The sequence of visible morphological 
events is the same as that for conidia once dor- 
mancy is broken. A germ tube is formed after 
about 3 h and elongates by apical extension 
(Fig. 2), After a few hours, branching and contin- 
ued elongation results in a fully grown multinu- 
clear mycelial mass (Fig. 3 a, b). 

533 

From Mycelium to Conidia^ 

As mentioned above, the basic growing unit of 
the filamentous fungus is the hyphal cell. The 
shape of this cell (as in other structures) is de- 
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Fig» 3 b. Fluorescence micrographs of mycelial hyphae, 
a Hyphal cross- walls visualized with Calcofluon b Multi- 
nucleate hyphae stained with Hoechst 33258. Bars a 50 pM, 
b 50 pM. (After Springer and Yanofsky 1989) 



pendent on the proper spatial and temporal as- 
sembly of the multicomponent cell walk The cell 
wall is composed predominantly of sugar poly- 
mers (glucan and chitin) as well as proteins^ lip- 
ids, and salts. 

Hyphal elongation and branching rates will> in 
many cases, determine the linear proliferation 
and biomass accumulation of a fungal colony 
These processes require that the biosynthetic 
events which give rise to the structural compo- 
nents be properly concerted so as to successfully 
accomplish the formation of the required fungal 
structure. The presence of several chitin synthases 
in K crassa (and in other filamentous fungi) and 
the differential expression and functional conse- 
quence of chitin synthase gene inactivation have 




Fig. 4. Collapsing hyphal tip region in a N. crassa mutant 
in which the chitin synthase 1 gene had been inactivated. 
Bar: 50 pM 



demonstrated that different chitin synthases have 
different roles during fungal growth and develop- 
ment. Some chitin synthases are essential for 
maintaining proper hyphal rigidity and form and 
are required for hyphal elongation (Fig. 4). The 
specific roles of other members of this gene fami- 
ly have yet to be elucidated. Figure 5 is a repre- 
sentation of some of the processes involved in 
apical growth of the fungal filament. The cell wall 
biosynthetic {chitin and glucan synthases) as well 
as cell wall lytic (chitinases and glucanases) en- 
zymes required for cell elongation and branching 
events are conveyed to the required location and, 
at least in some cases, compartmentalized traf- 
ficking is carried out in membranous vesicles. 
The wall at the tip is plastic, allowing the exten- 
sion of the cell by insertion of new material. As 
extension progresses, the material at the former 
position of the apex is progressively rigidified as 
it becomes the lateral wall of the growing cell. 
This rigidification is brought about be the cova- 
lent cross-linking of wall materials, especially 
chitin and ^(1-^3) glucans, and the hydrogen 
bonding of adjacent polysaccharide chains, espe- 
cially chitin, to give microfibrils. 

Conidiation, the formation of asexual spores, 
typically takes place on solid medium or above a 
stationary liquid culture, but can occur in liquid 
under certain conditions (see below). The most 
complete studies on conidiation using wild-type 
and conidiation-defective mutants support a time- 
line of events shown in Fig. 6. During conidiation, 
the aerial hyphae cease to elongate by apical ex- 
tension, and the process of growth by successive 






O. Yarden and V. E. A. Russo 



pL^ST/c 



RIGID 




Fig. 5. Model of some suggested features of apical growth 
and branching of hyphae. Microvesicles of various types 
{empty, solid, and starred circles) are being produced by 
Golgi and being transported to two sites, the sub-apical tip 
region (a) and the new branch (b). The microvesicles are 
associated with cytoskeleton, particularly microfilaments 
{beaded lines), but also perhaps with microtubules {parallel 
lines). The plastic wall at the apex is shown with nascent 



apical budding is initiated. This results in the for- 
mation of proconidial chains (Fig. 7 a). Cross- 
walls are laid down between each proconidial ele- 
ment (Fig. 7b). These cross-walls then thicken 
and separate, leaving the newly formed conidia 
held together by a fragile connective (Fig. 7 c), 
which can break and release wind borne conidia 
at the slightest disturbance. 



5 . 3.3 

The Sexual Cycle ^ 

A prerequisite for the sexual cycle is the produc- 
tion of protoperithecia. These spherical struc- 
tures, roughly 50 micrometer in diameter, have 
several hyphae protruding from their surface 
(Fig. 8). One of these hyphae, the trichogyne, is 
connected with the ascogonial cell (the female ga- 
metangium in ascomycete fungi) within the pro- 
toperithecium. Protoperithecia can be formed 
only on mycelia that are not submerged. Fertiliza- 
tion begins when a conidium or a piece of myce- 



fibrils of chitin {straight lines) and glucan {wavy lines). The 
wall becomes progressively rigidified by their crystalliza- 
tion, and cross-linked by covalent bonds {black dots). At 
the branch site, the action of lytic enzymes {stars) has cre- 
ated a soft spot in the wall. It is likely that lytic enzymes 
are also secreted at the apex, but their role there is unclear. 
(After Gooday 1995) 



Hum of the opposite mating type comes in con- 
tact with the trichogyne. The trichogyne grows 
towards the cell of the opposite mating type 
guided by attractants which have not yet been de- 
fined. Nuclei of opposite mating type pass into 
the trichogyne by wall fusion and are then trans- 
ported to the ascogonium. Here, nuclei of both 
mating types undergo several divisions before 
karyogamy (Fig. 9). Nuclei of opposite mating 
type finally fuse in the crozier, a hook-shaped 
structure composed of three cells, and immedi- 
ately undergo meiosis. In the meantime, the pro- 
toperithecium darkens, grows in size, and devel- 
ops a beak-shaped structure with an aperture 
(ostiole) through which the ripe ascospores are 
eventually discharged. The resulting structure, 
now called the perithecium, contains hundreds of 
asci, each one coming from a different crozier. 
Each ascus has eight ascospores representing an 
outcome of meiotic divisions. Of the eight asco- 
spores, each pair of adjacent ascospores has an 
identical genotype which may be different from 
the neighboring pair of ascospores. Each young 
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I acon-3, ft 
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Fig, 6, Developmental timeline of conidiation. The timeline is 
devided into two parts: the conidiophore timeline, which ap- 
plies to the entire conidiophore as it is developing, and the 
budding subroutine, which occurs every time a proconidial 
chain buds. The approximate time at which each step in the 
conidiophore timeline begins after induction is indicated in 
parentheses. The step at which conidiation is blocked in 
the mutant strains acon-2^ acon-3^ csp-2^ fidy gran and 
tng is indicated. (After Springer and Yanofsky 1989) 
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Fig*7a-c. Scanning electron micrographs of developing 
wild-type conidiophores, a Major constriction chains. Dou- 
ble line arrows point to major constrictions; small arrows 
point to minor constrictions, b Combined dark field and Cal- 
cofluor fluoresecent images of a conidiophore with thickned 
cross walls (double-doublet stage), c Conneaive between two 
mature conidia, (After Springer and Yanofsky, 1989) 

ascospore has two nuclei formed by a mitotic di- 
vision inside the ascospore; the genotype of the 
two nuclei is therefore identical. The four poten- 
tially different genotypes of the ascospore pairs 
are the result of two meiotic divisions. The ascos- 
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Fig, S, Scanning electron micrograph of a protoperithecium. 
(Courtesy of Rudi Lurz and Wolfgang Heimler) 



pores of each ascus are ejected together through 
the ostiole of the perithecium. 

What are the factors which influence and or- 
chestrate hyphal elongation/branchingj the even- 
tual formation of the asexual dispersal units or 
structures involved in the sexual reproductive 
cycle? It is now clear that these developmental 
changes are governed by both genetic and envi- 
ronmental factors and that the contribution of the 
genetic program and the environmental cues vary 
among fhe developmental phases and among fun- 
gal species. Some of the factors influencing devel- 
opment will be discussed in the second part of 
this chapter. 



THICHOGYNE /I / 

/ CONIDIUM 





Fig. 9a-d, Schematic representation of the major stages in 
the development of a perithecium- a Conidium attaches to 
the trichogyne. Circles represent nuclei, b Nuclei of the 
conidium enter the ascogonium. c Croziers are formed, 
d Asci are formed from croziers. The drawings are not to 
scale 



54 

Genetic Inflyence on Development 

5A1 

Developmental Genes of Neurospara^ 

More than 250 genes which affect one or more of 
the morphological processes in N. crassa have 
been identified. Furthermore, genes involved in 



almost every aspect of fungal development are 
being isolated and analyzed. Clustering of some 
development-specific (as well as metabolic path- 
way) genes occurs in filamentous fungi, and re- 
pression of clustered genes through an inactive 
state of chromatin as a control mechanism has 
been suggested, yet the majority of work has fo- 
cused mainly on gene structure and function and 
less on the significance of the physical distribu- 
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tion of different loci in the genome. The develop- 
mental process best characterized is conidiation 
(Fig. 6). 

5.4.2 

Gene Regulation During Conidiation^ 

As asexual spore formation is one of the most ob- 
vious and central developmental events occurring 
in many filamentous fungi (not all fungi have 
been shown to produce conidia), much effort has 
been invested in studying this process. Significant 
changes in gene expression have been detected by 
the comparative analyses of mRNA and protein 
species present in mycelial and conidiating cul- 
tures of N. crassa. Several genes which are tran- 
scriptionally regulated at different times after the 
conidiation stimulus, have been cloned. However, 
inactivation of most of the conidiation-specific 
genes isolated has not brought about observable 
phenotypes. It has become evident that the some 
of conidiation (con) genes examined in detail are 
regulated by factors other than those specific for 
macroconidiation. Perhaps the most extensively 
studied is con-lOy which encodes a polypeptide 
induced during major constriction chain forma- 
tion. The polypeptide accumulates in all three N. 
crassa spore types. On the one hand, con- 10 un- 
dergoes genetic control, as its expression is re- 
pressed in mycelia and activated during conidio- 
phore development. However, it is clear that envi- 
ronmental factors such as light also play a role in 
regulation of con- 10 expression. 

A second well-characterized conidiation-related 
gene is easlbli-7lccg-l which encodes the major 
coat (rodlet) protein of the conidium. The genetic 
isolation of the easily-wettable mutant preceded 
the later, parallel, identification of the Mue-/zght- 
regulated and dock- controlled genes, all of which 
are allelic. Thus, this is an example of a gene 
which is developmentally as well as environmen- 
tally (by light or by nitrogen starvation) regu- 
lated. The protein encoded by eas belongs to the 
hydrophobin family, shown to be involved in both 
morphogenetic as well as pathogenetic events in 
filamentous fungi. 



5.4.3 

Protein Phosphorylation in Developmental Processes^ 

The regulation of the cellular processes includes 
transcriptional, translational, and post-transla- 
tional modifications. It is now clear that at least 
some of the intracellular as well as intercellular 
signaling leading to fungal morphogenesis is 
based on hierarchies involving protein phosphor- 
ylation. The identification of these regulators and 
elucidating the interactions between them is one 
of the current foci of fungal biology. 

Among the multitude of N. crassa mutants iso- 
lated over the decades, about 25% exhibit altered 
morphologies. Among them are a series of mu- 
tants which display a colonial temperature-sensi- 
tive (cot) phenotype. The cot mutants grow as 
tight, compact colonies at elevated (restrictive) 
temperatures, while at the lower, permissive, tem- 
perature conditions, they grow at variable degrees 
of similarity to the wild type (Fig. 10). Genetic 
analysis of the cot-1 strain has shown that the cot- 
1 gene encodes a ser/thr protein kinase. It has 
since then been determined that COTl most 
probably belongs to a new subfamily of protein 
kinases which group together the mammalian, 
Drosphila and C. eleganSy myotonic dystrophy-like 
protein kinases. The identification of a regulator 
of hyphal elongation is an initial step in the even- 
tual unraveling of the entire regulatory circuit(s) 
involved in controlling hyphal elongation. Based 
on analysis of partial suppressors of cot-1 (which 
have been determined to encode cytoskeletal ele- 
ments), it has been suggested that COTl kinase 
may be involved in the transport of precursors 
and enzymes needed for cell wall biosynthesis to 
hyphal tips. If the kinase is a regulator of vesicle 
transport, then it is conceivable that a mutation 
affecting the endocytic pathway may partially 
compensate for a reduction in COTl activity. 

The developmental changes occurring in some 
pathogenic fungi induced by a specific environ- 
ment (e.g., plant surface architecture) are a prere- 
quisite for successful pathogenesis. It is now clear 
that phosphorylation cascades play a role in such 
pathogenesis-related developmental changes. It 
has been suggested that sensing of rice leaf archi- 
tecture by the rice blast fungus Magnaporthe 
grisea is followed by activation of adenylate 
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Fig. IQa-d. a Wild type K crassa grown for 18 h at 25 ""C 
(shaking liquid culture), b cot-1 grown for 18 h at 25 ""C 
(the permissive temperature for this temperature- sensitive 
mutant), c cot-1 grown for 16 h at 25 ^C, followed by 2 h of 
growth at 37 °C (the non -permissive temperature). Note the 
uniform initiation of multiple branches along the hyphal 



cyclase which elevates the intercellular levels of 
cAME The increase in cAMP levels stimulates 
early infection structure development events 
modulated by a c AMP-dependent kinase. The 
later events in the penetration and infection 
processes are stimulated by a mitogen-activated 
protein (MAP) kinase cascade, presumably 
through a MAP kinase module that may respond 
to the cAMP signal. 

5.5 

Epigenetic Regulation of Fungal 
Gene Expression^*’ 

Developmental gene expression and environmen- 
tal influence on gene expression can be altered, 
permanently or reversibly, by changes in the 
DNA. As early as the mid 1950s, Waddington 
used the term epigenetics to indicate the presence 
of a developmental regulation mechanism which 



filaments, resulting in a ''barbed -wire” morphology, d A 
30-h culture of cot-1 grown in liquid on a microscope slide 
at 37 “C. In time, hyphal tips originating from the newly 
formed branches (shown in c) will cease to elongate. In 
some case, seconda^ and tertiary branching occurs prior 
to arrest of hyphal tip growth. (After Yarden et al 1992) 



functions beyond that of known heredital genet- 
ics. Some 20 years later, cytosine methylation was 
suggested to be involved in gene regulation in a 
manner which can be mitotically inherited, thus 
providing a mechanism for the involvement of 
epigenetics in development. It has since then been 
established that epigenetic mechanisms are pre- 
sent in a variety of eukaryotes (fungi, plants, ani- 
mals). In organisms lacking DNA methylation 
{e.g., yeasts. Drosophila) the epigenetic mecha- 
nisms are obtained through higher-order chromo- 
some structure. The presence of epigentk mecha- 
nisms has, in part, been revealed along with the in- 
creased use of DNA-mediated transformation pro- 
cedures, during which external DNA is introduced 
into the cell. It is through a number of repon sup- 
pression of transgene expression that the role of 
epigenetic influence on gene expression has gained 
attention also in fungi. This phenomenon, linked 
with the apparent requirement for multiple gene 
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copies was described in Neurospora and called 
reversible inactivation. In plants it was termed 
cosuppression or RIGS (repeat-induced gene silen- 
cing). In some cases, RIGS appears to occur at 
the transcriptional level and is correlated with cy- 
tosine methylation (on DNA methylation see also 
Chaps. 25, 26, and 27). Differential cytosine methy- 
lation during vegetative and sexual growth stages of 
N. crassa have been reported. A similar phenomen- 
on of supression of transcription by methylation 
during asexual growth phases of the phylogeneti- 
cally related fungus Ascobulus immersus, has also 
been demonstrated. The acronyms RIP (repeat-in- 
duced point mutations) and MIP (methylation 
induced premeiotically) have been coined to 
describe DNA methylation-related phenomena in 
N. crassa and A. immersuSy respectively. 

Two genes encoding methyltransferases have 
been analyzed in A. immersus: a maintenance 
methyltransferase which methylates hemimethy- 
lated DNA and a de novo methyltransferase (the 
first of its kind isolated from any eukaryote) 
which acts on unmethylated DNA. Disruption of 
the latter has demonstrated that activity of this 
transferase is not required for the normal vegeta- 
tive growth of the fungus, yet is required for de- 
velopment of the sexual fruiting bodies which are 
essential for sexual phase development. Thus, it 
appears that methylation can play a role during 
fungal development. 

The RIP phenomenon is not limited to confer- 
ring epigenetic effects. In contrast to MIP, RIP 
can be accompanied by irreversible gene inactiva- 
tion due to mutational changes introduced to all 
copies of the duplicated DNA fragments, demon- 
strating that RIP involves both epigenetic as well 
as mutational effects. As mentioned above, MIP 
and RIP were identified following the duplication 
of DNA in the fungal genome by transformation. 
What is the natural role of these processes? A 
possible explanation is the transient (via methyla- 
tion) or permanent (via mutation) safeguarding 
of the haploid genome from selfish and redundant 
DNA, while at the same time generating new ge- 
netic material for evolution. Even though the ma- 
jor emphasis in fungal epigenetics research has 
been put on the role of methylation, not all trans- 
gene silencing in N. crassa is due to this phenom- 
enon. Recently, DNA-RNA or RNA-RNA interac- 



tions have also been suggested to be involved in 
affecting transgene expression. 

There is ample evidence for the presence of the 
machinery which can confer epigenetic effects on 
fungal gene expression. Whether or not epigenetic 
influence is limited to interference with transgene 
DNA expression or also plays a direct role in gene 
expression during development, has yet to be de- 
termined. 



5.6 

Environmental Influence on Development^^ 

The microenvironment in which microorganisms 
grow can change rapidly in time and space. It is 
therefore understandable that microorganisms 
have evolved mechanisms which sense a changing 
environment. Nutrient depletion, for example, is a 
stimulus for differentiation in a variety of organ- 
isms including Bacillus subtilis, Streptomyces coe- 
ticolor, Dictyostelium discoideum, yeasts, Aspergil- 
luSy plants, and animals. Two main strategies have 
evolved to survive adverse conditions: first, the 
ability to produce dormant cells which resist envi- 
ronmental stresses and initiate growth once favor- 
able conditions are available; and second, the abil- 
ity to sense the conditions which would favor 
wide dispersion of such spores, thereby escaping 
from a potentially unfavorable environment. Com- 
pared to mycelium, both conidia and ascospores 
are more resistant to a variety of environmental 
stresses such as adverse temperature, radiation, 
chemicals, and starvation. It is therefore under- 
standable that changes in environmental condi- 
tions can serve as cues for changes in sexual as 
well as asexual differentiation. 

Normally, N. crassa mycelium does not differ- 
entiate in submerged culture. A mycelial culture 
can be induced to conidiate by filtering it onto fil- 
ter paper and letting it stand to dry. With this 
method, aerial hyphae and conidia are produced 
in about 6 h. The actual stimuli are not known. 
Using this technique, it is possible to show that 
humidity and, to some extent, light have an influ- 
ence on conidiation. It is possible to induce coni- 
diation in liquid culture by nitrogen or carbon 
limitation up to the point exhibited in Fig. 7 a. 
Under such conditions the conidia may be 
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formed directly on the hyphae with a lag time of 
2 h. Conidiogenesis on solid medium is inhibited 
by as little as 0.2% CO 2 . Aging of mycelium in- 
duces formation of microconidia on vegetative hy- 
phae. Nitrogen starvation is essential for this dif- 
ferentiation process while a short pulse of blue 
light in nitrogen limiting conditions can acceler- 
ate the process by a factor of 30. Blue light is a 
signal which induces a variety of physiological re- 
sponses not only in N. crassa but also in several 
other microorganisms, plants, and animals. The 
major physiological responses in N. crassa include 
carotenoid production, phototropism, and devel- 
opmental changes. 

The regulation of the developmental switch 
governing the change from hyphae to conidiation 
is not uniform in all fungi and is far from being 
fully understood. The interrelationship between 
genetic and environmental mechanisms which in- 
fluence such switches varies among fungi. In N. 
crassa, the growth (mycelial phase) and the major 
asexual reproductive phase (macroconidiation) 
processes are separated in time, whereas in A. ni- 
dulans, both events can occur in the same colony 
at the same time (yet only spatially separated). In 
addition, the developmental competence (com- 
posed of genetic and environmental prerequisites) 
required for initiation of conidiation in A. nidu- 
lans has not been observed in K crassa. Thus, 
initiation of macroconidiation in N. crassa is 
strictly controlled by environmental conditions. 

5.6.1 

Nutrient Source 

In Neurospora, nutritional changes can trigger 
switches in fungal development. Carbon source 
deprivation induces conidiation as well as proto- 
perithecia production and nitrogen deprivation 
inhibits conidiation and stimulates the initiation 
of the sexual sporulation pathway. Several genes 
are regulated by blue light as well as by nitrogen 
starvation. 



5.6.2 

Temperature 

The diversity of the fungal kingdom is also evi- 
dent by the broad spectrum of temperatures at 
which various fungal species can survive, grow, 
and reproduce. The minimal, maximal, and opti- 
mal temperatures vary among species and for the 
different aspects of the fungal life cycle. Thus, in 
the case of N. crassa, which is a mesophilic fun- 
gus (in contrast to fungal species exhibiting opti- 
mal growth at extreme temperatures), the growth 
profile spans a range of 4-45 °C with a maximal 
linear growth rate at 34 °C. However, variation in 
temperature (between 4 and 37 °C) has no effect 
on conidiation. In contrast, production of proto- 
perithecia is sensitive to temperature, the opti- 
mum being between 18 and 26 °C. Perhaps the 
most pronounced heat-dependent developmental 
phenomenon which occurs during the N. crassa 
life cycle is the heat-induced germination of the 
sexual propagules (ascospores), which are dor- 
mant until the proper environmental cue (heat or 
exposure to certain chemicals) is available. The 
sighting of Neurospora in the wild has often been 
associated with fire. The heat-induced activation 
of ascospore germination in nature is mimicked 
under laboratory conditions by exposing the 
spores to 60 °C for a period of 45 min. 

5.6.3 
Light 

Fungal photosensitivity was documented as early 
as the middle of the 19th century. Payen, and 
later Pasteur, described the outbreak of the or- 
ange bread mold in Paris bakeries and reported a 
linkage between light and the presence of an or- 
ange color in what may have been one of the first 
experiments in photobiology. Some 50 years later. 
Went, a Dutch plant physiologist, discovered that 
the orange color was due to the presence of ca- 
rotenoids and that blue light was the active region 
of the light spectrum that triggered carotenoid ac- 
cumulation. Since then, the involvement of light 
in growth and development (e.g., hyphal cell 
branching frequencies, asexual spore formation, 
and fruiting body formation, and development) of 
a variety of fungal species has been documented. 
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In Neurospora and many other microorgan- 
isms, blue light regulates a series of physiological 
responses. In N crassa, blue light responses 
include carotenoid production, the circadian 
rhythm of conidiation (in the band mutant it can 
be synchronized and shifted), phototropism of 
perithecial necks, and protoperithecia production. 
Blue light is a signal which can be given in a 
short pulse (60 s) to induce protoperithecia for- 
mation. The fungus is ideal for studying gene reg- 
ulation during differentiation because the illumi- 
nated and dark-grown cultures can be compared. 
Another fungus, A. nidulans, conidiates freely 
only after exposure of hyphae to red light. Induc- 
tion is partially reversible by exposure to far red 
light, similar to phytochrome-mediated responses 
in higher plants. 

In N. crassa, where regulation of transcription 
by blue light has been extensively studied, 3 to 
4% of genes that are expressed during vegetative 
growth are blue light-regulated within 30 min fol- 
lowing irradiation. This represents 70-200 of the 
2000-6000 genes estimated to be expressed in the 
vegetative mycelium. The regulation is time-stag- 
gered, the first gene being regulated after a 2-min 
lag, the last one after 20 min, with increases of 
up to 100-fold in the abundance of light-induced 
gene transcripts. Over a dozen genes which are 
blue light-regulated have already been cloned and 
sequenced. Among them is the COTl kinase-en- 
coding gene (described above), in which light af- 
fects both transcript abundance and transcript 
size. 

Carotenoid biosynthesis was a rational choice 
to use as an initial tool for the molecular analysis 
of the light response in fungi. The isolation of 
mutants with altered carotenoid biosynthesis and 
the identification of the genes involved provide 
access to the genetic elements mediating light sig- 
nal transduction. Even though in N. crassa carot- 
enoids are produced both in hyphae and in coni- 
dia, only the production of pigment in hyphae is 
light-dependent. Thus, mutants which produce 
pigmented conidia yet lack carotenoids in hyphae, 
even when grown in the light, are prime candi- 
dates for identifying genes which are likely to be 
involved in regulation of light signal transduction. 
Such mutants, designated white collar (wc), were 
initially isolated in David Perkin’s laboratory at 



Stanford University and were shown later to be 
essential for photocarotenogenesis, phototropism, 
and photomorphogenesis in N, crassa. It has since 
then been determined that the wc-1 and wc-2 
genes, both global regulators of photoresponses in 
Neurospora, encode DNA-binding proteins that 
contain structural motifs which are known to be 
shared among polypeptides involved in light sig- 
naling and circadian rhythmicity, and are be- 
lieved to act as transcriptional activators. Analo- 
gous genes from other fungi as well as additional 
N. crassa mutants which show a reduced sensitiv- 
ity to light have also been isolated. The presence 
of multiple light-responsive genes which are not 
necessarily set in a single hierarchical structure 
(consisting of a single pathway) and involve a 
variety of different cellular activities suggest that 
different photoreceptors and different (though 
possibly converging) transducing pathways are 
present in filamentous fungi. 

One of the most striking examples of a light- 
mediated developmental response is the circadian 
rhythm. This topic will be discussed in Chap- 
ter 32. 



5J 

Outlook 

Morphogenetic pathways of N crassa can be acti- 
vated through external stimuli and the same stim- 
uli regulate several genes or pathways. Thus, nu- 
trient composition, air, light, and heat are involved 
in the vegetative as well as sexual developmental 
stages of this organism. In other fungal species, 
such as A. nidulans, an existing developmental 
program is superimposed on environmental con- 
trol (even though environmental conditions can 
influence it). We know that hundreds of genes are 
necessary for proceeding through the different de- 
velopmental pathways. The functions of the ma- 
jority of the genes involved are not yet known. 
Furthermore, the mechanisms of environmental 
stimulus perception and eventual transduction of 
the signals within (and among) fungal cells is far 
from clear. Neurospora could prove invaluable in 
the process of identifying and analyzing the na- 
ture of the blue light photoreceptor(s). As the 
physical mapping and genomic sequencing of fila- 
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mentous fungi will be completed in the foresee- 
able future, a major research focus will be to ana- 
lyze the functions of the isolated genes. Obtaining 
a better understanding of the role(s) of epige- 
netics during fungal growth and development 
would advance our overall perception of gene ex- 
pression regulation. As both the environmentally 
induced as well as the preprogrammed develop- 
mental processes (which can be environmetally 
influenced) are complex and at times converge or 
interlink, elucidating the hierarchies, feedback 
loops and cross-pathway interactions will provide 
an exciting challenge for fungal biologists. The 
fruits of such studies will most probably span 
well beyond the fungal kingdom. 

5.8 

Summary 

The fungal kingdom is comprised of a plethora of 
diverse species yet with basic attributes common 
to most eukaryotes. Neurospora crassa is a fila- 
mentous fungus with both an asexual and a sex- 
ual life cycle. The nucleus is haploid with a DNA 
content of approx. 4x10^ bp, about ten times 
more than E. coli. There are more than a dozen 
different morphological structures which are pro- 
duced following environmental or prepro- 
grammed stimuli. More than 700 genes are 
mapped and about 250 nuclear genes influence 
one or more steps in morphogenesis. Differentia- 
tion of both cycles can be regulated by environ- 
mental stimuli, i.e., carbon and nitrogen source 
composition, heat, desiccation and blue light. 
Some environmental signals which induce coni- 
diation or protoperithecia formation regulate hun- 
dreds of genes. The identification, isolation of 
genes involved in development, following the 
structural and functional analyses of these genes 
has set the stage for understanding fundamental 
processes in fungi and higher eukaryotes. 
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6,1 

Introduction ^ 
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Characteristics of the Growing Cell and of Stalk 
and Spore Cells 

Dictyostelium discoideum has become an exten- 
sively studied model for cellular and developmen- 
tal processes in higher organisms. It is attractive 
for these purposes because in its cell biology and 
certain aspects of its development it is remark- 
ably similar to higher eukaryotes, but it can be 
analyzed using genetic techniques that are readily 
applicable only to lower eukaryotes, Dictyostelium 
cells inhabit the surface layers of soil and leaf lit- 
ter in forests. They ingest bacteria and yeasts and, 
when food is plentiful, they divide with a dou- 
bling time of approximately 4 h. Cells monitor the 
presence of both their food source and the neigh- 
bouring Dictyostelium cells and, when the ratio of 
these two reaches a critical level, they opt for de- 
velopment. The developing cells pass through se- 
quential waves of gene expression, regulated by 
extracellular signalling molecules, to yield a mass 
of spores supported by a stalk (Fig, 1), 

Cellular differentiation in Dictyostelium is a 
very dramatic process, that involves major 
changes in cellular architecture. It has sometimes 
been likened to the conversion of a cell that has 
many characteristics typical of animal cells - the 
growing (vegetative) cell - into two cell types - 
the stalk and spore cells - that show many of the 
features of plant cells. The growing cell is a typi- 
cal amoeba that engulfs bacteria by phagocytosis 
(Fig, 2 A). Upon starvation, i,e,, exhaustion of the 
bacterial food source, the cells become dependent 
on autophagy to supply energy and metabohtes. 




Fig, 1. A Dictyostelium fruiting body. The size of this ter- 
minally differentiated structure varies over an enormous 
range that depends upon the number of cells present in the 
aggregation territory that it derives (i,e,, from the initial 
cell density): it may contain less than a 100 cells or more 
than a 100000 ceils. In the latter case, it will be approxi- 
mately 1 mm in height and there will be approximately 
80000 spores in the spore head and 20000 stalk cells in the 
stalk and basal disc 

Starvation triggers the formation of a multicellu- 
lar structure, the slug {Fig, 3), and phenotypical 
alterations that accompany differentiation of the 
future stalk and spore cells can now be detected. 
The prespore cells develop a novel type of organ- 
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Fig»2A'D. Electron micrographs of Dictyostelium cells at 
different developmental stages. A Growing amoeba sur- 
rounded by bacteria* Large food vacuoles (FV) that contain 
bacteria in various stages of digestion are the predominant 
organelles at this stage. B Prestalk and prespore cells at the 
anterior- posterior boundary Prestalk cells typically contain 
large autophagic vacuoles (AlA)* By loss of water, the pre- 
spore cells have already become more compact than the 
prestalk cells. Their most abundant organelles are the pre- 



spore vesicles (P5V), which contain the first layer of the 
spore wall and precursors for spore wall synthesis. C In the 
mature stalk cells the autophagic vacuoles have fused to 
form one large vacuole* A cellulose cell wall has been laid 
down to provide rigidity to the stalk. D 'The mature spore 
is a highly compact structure, that is surrounded by a thick 
wall consisting of mucopolysaccharide and cellulose. The 
magnification of all panels is 7700 



elle, the prespore vesicle, which originates from 
the Golgi system and carries precursors for the 
future spore wall (Fig, 2B), During spore matura- 
tion, the prespore vesicles fuse with the plasma 
membrane and a spore wall is constructed from 
the materials that they release to the exterior 
(Fig, 2C)* Autophagic vesicles are the predomi- 
nant organelles of the prestalk cells (Fig, 2D), 
During stalk formation, these vesicles increase in 
size and fuse to form the single large vacuole of 
the stalk cell* During maturation into stalk cells, 
the cells secrete extracellular matrix proteins and 
deposit cellulose fibres on the exterior side of the 
plasma membrane to form a rigid cell wall* Ex- 
cept for the presence of chloroplasts, the stalk 
cells have now assumed the characteristic mor- 
phology of a plant ceil (Fig. 2E), 

6A2 

Outline of the Developmental Cycle 

The developmental cycle generates fruiting bodies 
and these seem to have been designed to maxi- 
mise the chances of spore dispersal, by lifting the 
mass of spores off the substratum on a tapering, 



columnar stalk that is embedded into a supporting 
cone of stalk cells called the basal disc (Fig, 1)* 
About 80% of the cells that enter development dif- 
ferentiate as spore cells and the remainder differ- 
entiate as stalk cells, Dictyostelium forms this pat- 
terned structure in a way that differs significantly 
from the development of an animal or plant em- 
bryo, but many of the biological principles and 
signalling molecules are similar. Embryos form 
from a fertilized egg by tightly coupled cell divi- 
sions, cell differentiations and morphogenetic ceU 
movements. Pattern formation in Dictyostelium 
occurs only after individual cells have collected 
together into aggregates. Again, however, pattern 
emerges as the combined results of cellular differ- 
entiation and directed cell movement* 

After the starvation signal is perceived the cells 
become chemotactically responsive to cAMP, 
which serves as the signal that coerces a group of 
neighbouring cells to gather into an aggregation 
territory (Fig, 3), Depending upon the initial cell 
density, an aggregation territory may contain as 
few as a hundred or as many as a hundred thou- 
sand cells* CeOs at the centre of the aggregation 
territory emit cAMP signals in a pulsatile fashion 
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Fig, 3, The multicellular stages of Dktyostelium development 



and cells further out in the territory respond by 
moving up the cAMP concentration gradient, i.e„ 
towards the centre, and by synthesising and re- 
leasing cAMP, so amplifying (relaying) the signal 
At the end of aggregation, a mound of cells is 
formed wherein individual cells differentiate, in- 
termingled one with another, as either prestalk or 
prespore cells (Fig, 3), Roughly 80% become pre- 
spore ceOs and 20% become prestalk cells- The 
prestalk cells move to the apex of the mound and 
initiate a change in the mound's shape that even- 
tually encompasses the whole structure; in a pro- 
cess that presumably involves cellular intercala- 
tion, the hemispherical mound transforms into a 
cylinder known as the standing slug or some- 
times as the first finger. The prestalk cells at the 
apex of the mound initiate the intercalation pro- 



cess by forming themselves into a nipple-shaped 
tip. By this stage of development it is appropriate 
to regard the structure as an organism, wherein 
cells behave cooperatively in response to signals 
emanating from the tip. The slug's behaviour is 
exquisitely sensitive to its environment and seems 
to have been adapted to ensure optimal condi- 
tions for spore dispersal. 

Once a standing slug is formed it makes a 
choice. Under conditions of high humidity, low 
ionic strength and low overhead light, it faOs over 
and moves away as a migratory slug. These are 
the environmental conditions likely to exist below 
the forest floor, where spore dispersal would not 
be efficient, hence it makes good sense for the 
slug to seek out better conditions. The slug is 
phototactic and thermotactic and these sensititiv- 
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ities are such that they would be expected to di- 
rect its movement to the surface of the forest 
floor. There spore dispersal will be more efficient 
and the combination of environmental conditions 
likely to exist at the surface, low humidity, high 
ionic strength and high overhead light, rapidly in- 
duces slugs to enter culmination. When these en- 
vironmental conditions are manipulated in the 
laboratory the duration of slug migration can be 
modified, from no migration at all to migration 
for several days. In the absence of a migratory 
slug phase, development takes about 24 h. 

Upon culmination, the slug contracts and 
points its tip upwards. The cells in and just below 
the tip lay down a central cellulose stalk tube and 
move into this tube in a manner that resembles a 
reversed fountain. Once inside the stalk tube, the 
cells synthesize a cellulose cell wall and increase 
dramatically in size by uptake of water and va- 
cuolization, causing elongation of the stalk. The 
remainder of the cells move up along the stalk 
and eventually differentiate into spores. 

The slug is a very valuable research tool be- 
cause it contains the precursors of the two ter- 
minally differentiated cell types, the spores and 
the stalk cells. The approximate front one-fifth of 
the slug contains only prestalk cells and prespore 
cells occupy the rear. There are also cells called 
anterior-like cells (ALC) that have many of the 
properties of prestalk cells, but that are scattered 
throughout the prespore region (Fig. 3). The slug 
is useful both as a source of the precursors of the 
two terminally differentiated cell types and be- 
cause it can be used to perform manipulations 
that give insights into the signalling circuits that 
regulate cellular differentiation. One such classical 
experiment was performed by Kenneth Raper, the 
discoverer of D. discoideum. He cut a slug in half 
and seperated the two halves. The two halves re- 
shaped themselves as slugs and the rear part was 
immediately able to form a correctly propor- 
tioned fruiting body, i.e., a fruiting body with the 
correct 4:1 ratio of spore to stalk cells. It was able 
to do this because the ALC rapidly move forward 
when the prestalk region is removed and reform a 
prestalk region. 

The front slug part in the Raper experiment was 
also able to culminate to form a correctly propor- 
tioned fruiting body but only if allowed to migrate 



for several hours after cutting. Over the period of 
migration, prestalk cells in the front part rediffer- 
entiated as prespore cells. Thus prestalk cells are 
not committed at the slug stage, they have the 
ability to reprogram themselves if circumstances 
change. This form of development, regulative de- 
velopment, is very common in higher organisms 
and it implies the existence of long-range, diffus- 
ible signals that allow cells to the respond to the 
presence of other cells within a multicellular struc- 
ture. In fact, however, intercellular signalling actu- 
ally starts much earlier than this: during the transi- 
tion from growth to early development. 

6.2 

The Signals that Initiate 
and Direct Aggregation 

6 . 2.1 

Preparing for Development: Cell Density Signaling ^ 

Actively feeding cells secrete a glycoprotein, pre- 
starvation factor (PSF), that triggers expression of 
genes whose products are required for early de- 
velopment and aggregation (Fig. 4). PSF only ac- 
cumulates to levels sufficient to trigger gene ex- 
pression when the cell density has reached a cer- 
tain threshold. The activity of PSF is inhibited by 
the presence of bacteria, so that PSF allows cells 
to monitor the ratio of cell density to food sup- 
ply. A second glycoprotein, conditioned medium 
factor (CMF), is secreted at a constant rate by 
starving cells during the entire course of develop- 
ment. CMF induces the same classes of genes as 
PSF and the levels of both molecules, PSF and 
CMF, yield information as to whether the cell 
density is sufficiently high to make aggregation 
the preferred strategy. 

PSF and CMF both induce a class of early genes, 
including the lectin discoidin I and a number of ly- 
sosomal enzymes; which presumably prepare the 
cells for alterations in their metabolic conditions. 
Additionally, the two factors induce a low level of 
expression of genes encoding the cAMP receptor 
cARl, adenylyl cyclase A and the G-protein sub- 
unit Ga2 which allow cells to secrete and detect 
the chemotactic signal cAMP. The signal transduc- 
tion pathways of PSF and CMF have not yet been 
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Fig, 4. Expression patterns of developmentally regulated 
genes and the signms that induce (+) or inhibit (-) their 
expression. This is something of an oversimplification in 
terms of the number of likely extracellular signals, their po- 
tential effects and the number of classes of genes that they 
regulate (see relevant refs, for more detail). However, it 



outlines the best -characterized networks. For the sake of 
clarity in the drawing, prestalk gene expression is shown as 
occurring slightly after prespore gene expression but they 
in fact occur at approximately the same time, CMf Condi- 
tioned medium factor; PSF prestarvation factor; DIF differ- 
entiation inducing factor 



elucidated but, remarkably, CMF is also directly re- 
quired for chemotactic signalling. cAR 1 can med- 
iate cAMP activation of cellular responses only 
when CMF is bound to a surface CMF receptor. 
The cells are apparently under a very tight control 
mechanism that represses aggregation when the 
cell density is not sufficiently high, 

622 

The Generatian of Oscillatory cAMP Signals^ 

The aggregation of developing Dictyostelium cells 
to cAMP is one of the most intriguing and best- 
understood forms of biological self-organization. 
Upon starvation, the amoebae pass through three 
levels of competence for aggregation, 

(1) They first acquire chemotactic responsive- 
ness to cAMP by expressing components of the 



cAMP signal transduction cascade as described 
above. When exposed to a cAMP gradient, cells 
extend a pseudopod towards the highest cAMP 
concentration. This anchors the front of the cell 
to the substratum. They then pull in their rears 
and repeat the cycle, (2) Second, the cells become 
competent to relay cAMP signals (i,e,, to pass the 
signal on to other cells); so that an increase in the 
cAMP concentration will trigger a cell to itself re- 
lease a burst of cAMP, (3) Aggregation is initiated 
when some cells reach the third level of compe- 
tence and start to spontaneously emit pulses of 
cAMP at regular intervals. 

Theoretically, spontaneous oscillations can be 
generated if the cells have the following proper- 
ties: (1) a low basal rate of cAMP secretion, (2) a 
positive feedback loop, whereby cAMP activates 
production of more cAMP, (3) a negative feedback 
loop whereby cAMP shuts off cAMP production, (4) 
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an activity that resets the system to prestimulation 
conditions. These properties are provided by the 
biochemical components of the cAMP signalling 
system (Fig. 5 A). cAMP binding to cAMP recep- 
tors activate the aggregative adenylyl cyclase 
(AC A), which has a low basal activity. cAMP is rap- 
idly secreted and this triggers further activation of 
AC A. Simultaneously, the occupied cAMP receptors 
trigger an inhibitory response that blocks activa- 
tion of ACA. The system is reset by a cell surface 
phosphodiesterase (PDF) activity, that hydrolyzes 
cAMP. Oscillatory signalling generates steep che- 
motactic gradients, which facilitate cell orientation 
and result in rapid and efficient aggregation. 

Once a few cells start to emit cAMP pulses, the 
signals are rapidly propagated by the adjacent cells 
to organize chemotactic cell movement in terri- 
tories of up to 1 cm in diameter. The amoebae 
move in the direction of a local attractant source 
and merge to form streams that move in a directed 
fashion toward the pacemaker of the oscillations: 
the centre of the aggregation territory. The cells 
move for 2 min and arrest movement for 5 min 
and these cell movement patterns indirectly reflect 
the propagating cAMP signals. These signals travel 
as either concentric or spiral waves, depending on 
local heterogeneities in the aggregation field. 

6.2.3 

Cellular Response to cAMP Signals^ 

Dictyostelium cells show proper chemotactic orien- 
tation to stimuli that range from 10"^® to 10"^ M. 
This is made possible by adaptation mechanisms, 
which subtract background noise from spatiotem- 
poral changes in attractant levels. Additionally, 
temporal adaptation prevents cells from moving 
backwards towards the trailing edge of a cAMP 
wave. Upon adaptation, cells become unrespon- 
sive to constant or decreasing concentrations of 
stimulus, while retaining responsiveness to in- 
creasing stimuli. The biochemical components of 
the oscillatory system are gradually being under- 
stood. cAMP binds to the serpentine receptor 
cARl, which induces dissociation of the heterotri- 
meric G-protein G2 into its a and Py components 
(Fig. 5 A). The py subunits recruit a cytosolic pro- 
tein CRAG (cytosolic regulator of adenylyl cy- 



clase) to the plasma-membrane where it activates 
adenylyl cyclase (ACA). The adaptation mecha- 
nism may involve an inhibitory G-protein (Gi), 
since pertussis toxin, which blocks Gi function in 
vertebrates, prevents adaptation of adenylyl cy- 
clase in Dictyostelium. 

Activation of guanylyl cyclase, which eventually 
leads to myosin heavy-chain phosphorylation, is a 
major determinant in cell orientation. cAMP in- 
duces a rapid transient accumulation of intracellu- 
lar cGMP which peaks at 10 s and returns to basal 
levels within 1 min. Activation of guanylyl cyclase 
is mediated by cARl and the a-subunit of G2, 
which recruits a cytosolic cGMP-binding protein 
(cGBP) to the plasma-membrane, where it acti- 
vates guanylyl cyclase (Fig. 5B). Several mecha- 
nisms contribute to the transient kinetics of the 
response. cARl, when coupled to guanylyl cyclase 
regulation, converts upon cAMP binding from the 
inactive form cARl^ to the active form cARl^ 
and subsequently to a desensitized form cARl^^, 
which blocks further activation of guanylyl cy- 
clase. Once cGMP produced, it binds to cGBP, 
causing its relocation to the cytosol. In addition, 
cGMP activates a cGMP-specific phosphodiester- 
ase causing rapid degradation of cGMP. It is 
thought that these multiple desensitization levels 
monitor the spatio-temporal characteristics of the 
cAMP signal and use this information to compute 
the direction of pseudopod extension. 

The rapid transient responses to cAMP are 
most likely all involved in chemotaxis and oscilla- 
tory cAMP signalling. cAMP also exerts long-term 
effects on gene expression and cell differentiation. 
With a single exception, these processes show no 
adaptation and usually require persistent occupa- 
tion of cAMP receptors. The one exception is the 
upregulation of aggregative genes that encode 
components of the cAMP signalling system itself, 
such as cARl, Ga2 and ACA; these genes are first 
induced to low levels by CMF and PSF (Fig. 4). 
Upregulation only occurs when cells are exposed 
to a series of cAMP pulses and is inhibited by 
persistent stimulation with cAMP. It represents an 
interesting positive feedback loop that causes cells 
to rapidly increase their sensitivity to cAMP once 
oscillatory signalling has initiated. 
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Fig. 5. A Regulation of adenylyl cyclase A. cAMP binding 
to the cAMP receptor cARl (shown at bottom) induces dis- 
sociation of G2 into its a and fiy subunits* The free fiy sub- 
units generate a binding site for the cytosolic regulator of 
adenylyl cyclase (CRAG), causing recruitment of CRAC to 
the plasmamembrane, where the complex of and CRAC 
activates adenylyl cyclase (ACA), cAMP is rapidly secreted 
to the exterior, where it augments the response and is 
ultimately hydrolyzed by extracellular phosphodiesterase 
(PD£)* cAMP binding to cARl also initiates an inhibitory 
response, which may be mediated by an inhibitory G-pro- 
tein (shown at top). The inhibitory response prevents for- 
mation of free ^ys- and translocation of CRAC. B Regulation 



of guanylyl cyclase* cAMP induces the inactive cAMP re- 
ceptor form, cARl^y to convert into cAR which induces 
dissociation of the stimulatory G-protein G2* The Ga^ sub- 
unit, in combination with the cGMP-binding protein, cGBP, 
activates guanylyl cyclase (GC) to produce cGMP. Multiple 
processes terminate the response: (1) cARl^ converts to the 
desensitized receptor form cAR which inhibits GC in an 
unknown manner (cARl^, cARl® and cARl^^ can be dis- 
tinguished by their fast, slow and superslow dissociation 
rates). (2) cGMP binds to cGBP, causing cGBP to translo- 
cate from the plasma membrane to the cytosol, which ter- 
minates activation of GC. (3) cGMP activates a cGMP-st em- 
ulated cGMP phosphodiesterase (cGMP-PDE) 
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6.3 

Signals that Direct Pattern Formation 

6 . 3.1 

cAMP Signalling and Cell Movement Within the Slug^ 

The tip is formed at the end of the mound stage 
and remains recognizable as a nipple-shaped ex- 
tension until fruiting bodies have formed. It is the 
organizing centre of the entire structure, and sev- 
eral lines of evidence indicate that it achieves this 
role by acting as a pacemaker for cAMP oscilla- 
tions. While it was initially difficult to visualize 
cAMP waves in mounds of D. discoideuniy they 
were detected in a related species D. minutum 
and, recently, advanced imaging techniques have 
also provided evidence for oscillatory signalling 
in D. discoideum mounds. Cell movement pat- 
terns, shaped as single or multiarmed spirals, were 
observed which strongly resemble the spiral cAMP 
waves observed during aggregation. Tracking of the 
movement of labelled cells in slugs indicates that 
cells at the anterior prestalk region rotate around 
the longitudinal axis of the slug, whereas cells at 
the posterior move anteriorly in a pulsatile fashion 
parallel to the slug axis. This pattern of cell move- 
ment was interpreted to represent chemotaxis in re- 
sponse to scroll-waves (three-dimensional spirals) 
of cAMP that are generated at the tip and that 
evolve into planar waves at the posterior. 

At first sight, the overall movement of Dictyo- 
stelium slugs, which is guided by sensory stimuli 
such as light and temperature, bears close re- 
semblence to the movement patterns of primitive 
worms, that have specialized nerve and muscle 
cells to perform these feats. cAMP waves propa- 
gating through the population to induce chemo- 
taxis in Dictyostelium are probably equivalent to 
electrical impulses propagating through nerve 
cells to induce muscle contraction in metazoans. 
Compared to electrical stimuli which propagate at 
microsecond time scales, cAMP signal propaga- 
tion at a timescale of minutes would certainly not 
make this the mechanism of choice for an organ- 
ism that is hunting for food or evading predators. 
However, as a means to seek out a site for spore 
dispersal, it seems to serve its function well en- 
ough. 



6 . 3.2 

cAMP and Prespore Differentiation ^ 

In very dense cell monolayers, cAMP produced by 
oscillatory signalling reaches concentrations in 
the micromolar range, and such concentrations 
are probably also reached in the closely packed 
environment of the aggregate. Micromolar cAMP 
concentrations are the trigger for entry into the 
spore differentiation pathway (Fig. 4), which is 
first evidenced by expression of genes encoding 
spore coat glycoproteins and somewhat later by 
the appearance of prespore vesicles. Gene induc- 
tion by cAMP is mediated by the same class of 
serpentine cAMP receptors that regulate oscilla- 
tory signalling and chemotaxis. In addition to the 
early receptor cARl, there are three other serpen- 
tine cAMP receptors (cARs2-4) that show differ- 
ent patterns of expression during development. 
Serpentine receptors typically activate intracellu- 
lar responses by interacting with heterotrimeric 
G-proteins. This is the case for most of the transi- 
ent responses to cAMP discussed above and for 
pulse-induced aggregative gene expression. How- 
ever, none of the gene induction responses that 
are induced by a constant stimulus requires the 
single known subunit of Dictyosteliurriy sug- 
gesting that they are mediated by a G-protein-in- 
dependent signal transduction pathway. 

Three intermediates of cAMP mediated gene 
regulation have been identified thus far, GBF (G- 
box binding factor), GSK-3 (glycogen synthase ki- 
nase 3) and ERK2 (extracellular signal regulated 
kinase 2). GBF is a zinc finger transcription fac- 
tor that enhances transcription of all postaggrega- 
tive genes without conferring cell-type specificity. 
The kinases GSK-3 and ERK2 both act as specific 
intermediates for cAMP induction of prespore 
genes such as PspA and CotCy but it is not known 
whether they are activated in a sequential or in a 
parallel fashion. In insects and vertebrates, GSK-3 
is an intermediate for effects of the wingless/wnt 
morphogens which mediate crucial events in cell 
type specification. Interestingly, the wingless/wnt 
signals are detected by a class of serpentine re- 
ceptors called the frizzled receptors, which do not 
contain a region showing the consensus homol- 
ogy for interaction with G-proteins. Further anal- 
ysis of the G-protein-independent pathway that 
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regulates prespore and prestalk gene expression 
may therefore reveal further similarities with the 
wingless/wnt pathway. 

6.3.3 

DIF and Prestalk Differentiation^ 

Some slime mould species, generally regarded as 
of an ancestral type, develop to form spore cells 
supported by an acellular stalk. In more complex 
species such as D.discoideum, a proportion of 
cells are diverted from spore differentiation to 
form a cellular stalk. In D.discoideum this diver- 
sion is effected during slug formation; prespore 
differentiation is induced by extracellular cAMP 
but DIF, an antagonist of cAMP, diverts 20% of 
cells from prespore to prestalk differentiation. DIF 
is a chlorinated hexaphenone produced by Dic- 
tyostelium cells as they develop (Fig. 6). The 
chlorine atoms are essential for its function and 
their presence makes DIF an unusual, but by no 
means unique, biological effector. 

DIF is present at maximal concentrations at the 
slug stage, where it is estimated to be approxi- 
mately 50-200 nM in concentration. Interestingly, 
there is a two-fold higher concentration of DIF in 
the prespore region of migrating slugs than in the 
prestalk region. It is not known whether the ex- 
cess of DIF in the prespore region derives from 
the ALC or from the prespore cells. However, it is 
tempting to believe that DIF is produced by the 
prespore cells because this would help explain 
proportioning; if the prespore cells produce the 
inducer of prestalk cell differentiation then this 
would be one component of the cell- cell commu- 
nication system needed for regulative develop- 
ment. 




Fig. 6. The chemical structure of DIF 



The enzyme DIF-dechlorinase (DIFase) inacti- 
vates DIF by removing one of the chlorine atoms. 
There is much more DIFase in the prestalk than 
in the prespore region and DIF strongly upregu- 
lates the production of DIFase. It is therefore very 
tempting to speculate that DIFase forms part of 
the negative feedback loop depicted in Fig. 7. In 
this scheme DIF induces prestalk cell differentia- 
tion, but the newly formed prestalk cells then se- 
crete DIFase. This limits the amount of DIF that 
can accumulate in the aggregate and therefore 
limits the number of prestalk cells that can be 
formed. In addition, the prespore cells may, as 
part of their differentiation program, loose sensi- 
tivity to DIF. This would explain why the pre- 
spore cells within the slug, although apparently 
exposed to high DIF levels, do not all differentiate 
into prestalk cells. 

The standard markers of prestalk and stalk cell 
differentiation are ecmA and ecmB, two genes that 
encode closely related extracellular matrix pro- 
teins. In a monolayer assay, addition of DIF in- 
duces detectable transcription of the ecmA gene 
within just 15 min. The ecmB gene is induced 
more slowly, but again expression is absolutely 
dependent on the presence of DIF. The mecha- 
nism of action of DIF is at present largely un- 
known. There is, however, evidence derived from 
analysis of the promoter of the ecmA gene that 
DIF may function via a STAT (signal transducer 
and activator of transcription) pathway; analysis 
of the ecmA promoter identified an element that 
is structurally similar to a STAT-binding site and 
the protein that binds to this element is a STAT 
protein. 

The STATs were discovered as the end-point of 
interferon-regulated gene expression pathways but 



DIFase 




Uncommitted ► Prestalk 

Cell Cell 

Fig. 7. The DIFase feedback loop. This scheme posits a neg- 
ative feedback loop whereby prestalk cells repress the differ- 
entiation of additional prestalk cells by synthesizing. DIFase, 
the enzyme that breaks down DIF 
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are now known to mediate many cytokine-regu- 
lated pathways in mammalian cells and a STAT is 
also involved in Drosophila pattern formation. All 
STATs contain, in this order along the protein, a 
DNA-binding domain, an SH2 (phospho-tyrosine 
binding) domain and a tyrosine phosphorylation 
domain. When a cytokine binds to its cell surface 
receptor, a specific STAT becomes phosphorylated 
on a specific tyrosine residue. Once modified in 
this way, the STAT forms homo-dimers or hetero- 
dimers with other STAT molecules, and these mi- 
grate to the nucleus where they function as tran- 
scriptional regulators. The STATs dimerize by mu- 
tual interactions between their phospho-tyrosine 
domains and their SH2 domains. In metazoan or- 
ganisms the STATs are usually tyrosine phos- 
phorylated by a member of the JAK (Janus ki- 
nase) family but the steps in the signalling path- 
way between DIF and the STAT are entirely un- 
known. 

The DIF responsive elements in the ecmB pro- 
moter are distinct from those on the ecmA pro- 
moter and the ecmB promoter is most likely not a 
direct target for DIF, because its activation by DIF 
takes several hours. DIF induces a slow rise in cy- 
tosolic levels, which just precedes ecmB gene 
induction. Ca^"^ pump inhibitors which also in- 
duce a slow rise in Ca^"^ induce ecmB expression 
to the same levels as DIF and agents that prevent 
the DIF-induced Ca^"^ increase inhibit ecmB in- 
duction. In combination, these data suggest very 
strongly that the effect of DIF on ecmB gene ex- 
pression is mediated by Ca^"^. This is of consider- 
able interest because the burst of ecmB expression 
at culmination occurs at the time that the prestalk 
cells commit themselves to terminal stalk cell dif- 
ferentiation and consequent cell death. Sustained 
increases in cytosolic accompany many 

forms of programmed cell death during develop- 
ment of higher organisms, so this may be another 
example of a signalling system that arose early in 
eukaryote evolution. 



6.3.4 

Cross-Talk Between the DIF 
and cAMP Signalling Pathways^ 

An important feature of the cAMP and DIF sig- 
nalling pathways is that they are mutually antago- 
nistic as regards their effects on cellular differen- 
tiation (Fig. 4). cAMP signalling is necessary for a 
cell to become a prespore cell, but experimentally 
added DIF will override this and cause a cell to 
become a prestalk cell. Conversely, while cAMP 
signalling is required if a cell is to become com- 
petent to respond to DIF, at times thereafter, ex- 
perimentally added cAMP antagonizes stalk cell 
differentiation induced by DIF. While these results 
pertain to isolated cells, there is also evidence 
from studying the intact slug that supports these 
conclusions. The importance of the antagonism 
lies in the potential for sharpening the decision- 
making process; the same signal that induces one 
fate represses the alternate fate. Inhibition of stalk 
cell differentiation by cAMP requires persistent 
stimulation of receptors with cAMP and is not 
subjected to adaptation mechanisms. Interestingly, 
as for prespore cell differentiation, this signalling 
pathway contains the enzyme GSK-3. 



6.3.5 

Prestalk Cell Heterogeneity and the Signals 
that Direct Morphogenetic Cell Movement 
in the Multicellular Stages^ 

Establishing the correct proportion of prestalk 
and prespore cells in the Dictyostelium mound is 
an essential part of the developmental process, 
but pattern formation also requires carefully 
orchestrated cell movements, both to form the 
slug and to guide its transformation into a fruit- 
ing body. This becomes most clearly apparent at 
culmination, when the spores are lifted and the 
fruiting body is shaped by a remarkably complex 
set of prestalk cell movements. This complexity of 
prestalk cell movement patterns is, most probably, 
made possible by the existence of multiple pre- 
stalk cell subtypes (Fig. 8). These prestalk cell 
subtypes were identified by dissecting the ecmA 
and ecmB promoters, different regions of the pro- 
moters direct expression in the different subtypes. 
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Fig. 8. Prestalk cell subtypes within the slug. This is a 
highly diagramalic represen lation with just a very few, to- 
ken cells displayed* In reality, in a slug composed of 
100000 cells there would be hundreds or thousands of each 
cell type. Most of the cells labelled ALC (anterior-like cells) 
show exactly the gene expression properties of the pstO 
cells and are therefore sometimes termed pstO/ALC 



The different subtypes are designated pst {pres- 
talk) followed by a capital letter, as follows: 

pst A cells express the ecmA gene from the cap 
site proximal part of its promoter and occupy the 
approximate front one-third of the prestalk region. 

pstO cells express the ecmA gene from the cap 
site distal part of its promoter and occupy approxi- 
mately the rear two-thirds of the prestalk region. 

pstB cells express the ecmB gene at a high level 
and the ecmA gene at a low level and form a band 
of cells that occupies a variable position in the 
slug. 

pstAB cells express both the ecmA and ecmB 
genes at a high level, are able to utilize a cap site 
distal subfragment of the ecmB promoter and 
form a cone near the slug tip* 

These subtypes differ in their movement pat- 
tern and this becomes most clearly manifest at 
culmination. The pstA cells occupy the apex of 
the aggregate and at culmination they move at 
first upwards and then downwards^ into the 
mouth of the stalk tube (Fig* 9)* The pstO cells 
follow behind them, so that the mature stalk has 
pstA cell derivatives in its lower one-third and 
pstO cell derivates above them* At its very base, 
the stalk flares out, to yield a structure known as 
the inner basal disc, and this derives from the 
pstAB cells. The pstAB cells move down through 
the aggregate just ahead of the pstA cells and 
embed themselves in the outer part of the basal 
disc* The outer basal disc derives from the pstB 




Fig^ 9* Culmination. This is a diagrammatic representation 
of culmination where, for the sake of clarity, the band of 
pstB cells that will form the outer basal disc (see Fig* 8 and 
text) is not shown. The cells that will form the upper and 
lower cups, the ALC -derived structures that sit respectively 
above and below the spore head^, are also not shown. The 
cirrowj in the tip of the midculminant depict the movement 
pattern of the pstA and pstO cells, which move up to the 
apex and the down into the stalk tube. They add extra- 
cellular material (proteins such as ECMA and ECMB and 
cellulose to the stalk tube, both as they move upwards and 
as they move downwards into it* The entrance to the stalk 
tube is believed to be the point of no return, i. e., the 
commitment to stalk cell differentiation and resultant cell 
death 



cells, and these have their own unique movement 
pattern* At culmination, they move forward and 
downwards and seem to anchor themselves to the 
substratum directly under the tip. 

How are these different movement patterns 
generated? One attractive idea is that the four dif- 
ferent prestalk cell subtypes differ not simply in 
their ability to express the ecmA and ecmB genes 
but also in their chemotactic properties; by direct- 
ing differentiation into multiple cell types, each of 
which seems to possess different pattern of mor- 
phogenetic movements, the organism may be as- 
signing individual ^‘address labels” to the different 
stalk cell precursors. Such an idea requires that 
there be one or more chemotactic signalling mol- 
ecules to direct movement* The cAMP oscillations 
emitted by the tip region are of course an excel- 
lent candidate for directing morphogenesis and 
pstA cells disaggregated from the slug do chemo- 
tax more rapidly to cAMP than pstO cells* 
Furthermore, both these prestalk cell subtypes are 
more chemotactically responsive to cAMP than 
are prespore cells. In combination, these observa- 
tions indicate how the linear arrangement of cells 
along the slug (Fig* 8} might be generated* 
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6.4 

Terminal Differentiation 
and Spore Germination^ 

6.4.1 

The Control of Culmination by Ammonia 

The environmental factors that influence the deci- 
sion between forming a fruiting body in situ and 
forming a migratory slug were discussed above 
(Sect. 1.2) but the overriding factor in nature 
seems likely to be illumination. Migrating slugs 
are exquisitely phototactic. When exposed to over- 
head light, the slug tip is directed upwards and cul- 
mination is often initiated. By lifting the tip off the 
substratum it is also, of course, likely to experience 
lower humidity levels. During slug migration, 
aborted attempts at culmination are often ob- 
served. The slug tip is directed upwards, and the 
cell mass starts to contract as in early clumina- 
tion. After a period of apparent indecision, the 
tip falls back onto the substratum and migration 
is resumed. Ambient high ammonia levels have 
been associated with aborted culmination. Star- 
ving amoebae use degradation of proteins and 
RNA as a source of metabolic fuel and produce co- 
pious amounts of ammonia in this process. Ammo- 
nia has several effects on Dictyostelium cells. It in- 
hibits terminal differentiation of stalk cells in the 
presence of DIF and acts as a repellent on the 
movement of slugs and culminating structures. Ex- 
periments designed to deplete ammonia from the 
slug environment invariably induce rapid culmina- 
tion of slugs migrating on agar and stalk cell differ- 
entiation in slugs submerged in buffer with DIF. It 
has been hypothesized that stalk cell differentiation 
is initiated at the slug tip, because this narrow ex- 
tension has the largest surface to volume ratio 
and therefore looses gaseous ammonia more read- 
ily by diffusion than the rest of the slug. 

The mode of action of ammonia has not yet 
been resolved. Its effects are mimicked by other 
membrane-permeable weak bases and it is there- 
fore assumed that they are mediated by alkaliniza- 
tion of the cytosol or of acidic vesicular compart- 
ments. The action of ammonia as a repellent has 
been attributed to induction of increased cell lo- 
comotion, causing slugs to bend away from the 



highest ammonia concentration. Alternatively, 
ammonia has been considered to inhibit oscilla- 
tory cAMP signalling, which would cause reestab- 
lishment of the pacemaker (i.e., the tip) at the site 
of the lowest ammonia concentration. 

6.4.2 

Activation of PKA^° 

The decrease in ammonia concentration that trig- 
gers entry into culmination must in some direct 
or indirect manner stimulate the activity of 
cAMP-dependent protein kinase (PKA), because 
abundant evidence indicates that PKA regulates 
terminal differentiation and the slug-fruit choice. 
In Dictyostelium^ PKA is a dimeric enzyme con- 
sisting of a catalytic (C) and an inhibitory regula- 
tory (R) subunit. When cAMP binds to its two 
binding sites on the R subunit, the dimeric com- 
plex dissociates and the liberated C subunit be- 
comes catalytically active (Fig. 10). Both genetic 
and pharmacological evidence show that activa- 
tion of PKA is the proximal trigger both for spore 
formation and for terminal stalk cell differentia- 
tion. Thus, despite the fact that their initial 
differentiations are induced by totally different 
agents - extracellular cAMP for prespore cell dif- 
ferentiation and DIF for prestalk cell differentia- 
tion - the terminal differentiation of both precur- 
sor cell types is brought about by an increase in 
intracellular cAMP concentration and consequent 
activation of PKA. Furthermore, selective inacti- 
vation of PKA in the prestalk cells of the slug 
(achieved by expressing a dominant inhibitory 
form of the PKA-R subunit under control of the 
ecmA promoter) prevents entry into culmination 
and causes the slug to migrate essentially indefi- 
nitely. 

Thus, activation of PKA in the prestalk cells 
seems to be the trigger for entry into culmina- 
tion: how does this accord with the known role of 
ammonia as extracellular regulator? Activation of 
PKA is normally caused by an increase in intracel- 
lular cAMP levels and, as yet, no inhibitory effects 
of ammonia on cAMP production or secretion 
have been reported. The system may, however, be 
regulated at the level of cAMP breakdown. The 
REGA protein contains a domain that functions 
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as a cAMP phosphodiesterase and a domain that is 
characteristic of the response regulator in dual 
component phosphor el ay systems. In a mutant 
wherein the Reg A gene is disrupted, there is unre- 
gulated stalk and spore cell formation in a mono- 
layer assay; exactly as would be expected if c AMP 
levels were constitutively high because of absence 
of the REGA phosphodiesterase. It will therefore 
be of great interest to know whether there is an in- 
terplay between ammonia and REGA. 

6,43 

Regulation of Spore Germination^^ 



Recent studies show that the decision to germi- 
nate is under control of intracellular cAMP 
(Fig. 10). Spores contain an unusual adenylyl cy- 
clase, ACG, which is structurally distinct from 
ACA and is only expressed in the spore stage. 
ACG activity is activated by the conditions of 
high osmolarity that reign in the spore head. As a 
conseqnence> cAMP levels in spores are Mgh> 
PKA is activated and the spores remain dormant. 
The activity of the cAMP- phosphodiesterase 
REGA is required to reduce cAMP levels and initi- 
ate the germination process. It is not yet known 
how REGA activation in the spore is regulated. 



Proper control of spore dormancy and germina- 
tion is a critical aspect of Dictyostelium develop- 
ment. In the sporehead the spores are kept dor- 
mant by ambient high osmolarity and by the 
presence of disc adenine, an analogue of plant cy- 
tokinins. Young spores require a stimulus such as 
food or heat shock to germinate. Old spores (aged 
>10 days) secrete an autoactivator of germination 
and germinate in the absence of stimuli. After 
being activated to germinate, spores enter a lag 
phase before swelling and emergence are initiated. 
During the lag phase, spores sense whether the 
environment is suitable for germination, and, if 
not, they return to dormancy. High osmolarity is 
also here a stress factor that induces return to 
dormancy. 





germination 






Fig, 10. Regulation of spore germination by cAMR High 
osmolarity in the spore head activates adenylyl cyclase G 
(ACG), increasing cAMP levels and activating PKA. Active 
PKA blocks spore germination. For germination to initiate, 
the activity of the cAMP-phosphodiesterase, REGA is re- 
quired to lower cAMP levels 



6.5 

Outlook 

Thus far it has not proven possible to trace all of 
the intracellular signalling steps in any one of the 
pathways described here, and this is a major fo- 
cus of effort. Also, it is not clear that all the ex- 
tracellular signals have been identified. There are, 
for example, hydrophilic signalling molecules, two 
identified as peptides, that induce terminal differ- 
entiation and that perhaps form part of a signal- 
ling system between prestalk and prespore cells. 
There is also much to be learnt about the prestalk 
cell movements that build the fruiting body; is 
there a signalling centre in the base that attracts 
the pstB cells, and, if so, what is the chemoattrac- 
tant? The whole issue of morphogenetic cell 
movement during development is of great general 
importance and interest but is intrinsically diffi- 
cult to study, even in a relatively simple system 
such as Dktyostelium. The answer may come 
from using insertional mutagenesis (gene tagging) 
to isolate mutants that affect the process, as this 
has yielded many important insights into cellular 
differentiation. Insertional mutagenesis is a 
powerful approach because Dktyostelium is a 
haploid organism with a genome size of only 
34 Mb (i.e., just over twice as large at the yeast 
genome). A significant fraction, about 5%, of its 
approximately 5-10000 genes have already been 
sequenced and, as we have discussed, the se- 
quences of these genes, along with genetic and 
biochemical studies, have revealed a remarkably 
high similarity in structure and function with 
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higher organisms. There is a Dictyostelium ge- 
nome project, and the sequence of the entire ge- 
nome should be known within the next 5 years. 
There is then the exciting prospect of defining the 
minimum gene set required for a multicellular or- 
ganism. The Dd-STAT protein gives a taste of 
what is likely to come, because it provided the 
first example of SH2 domain : phospho-tyrosine- 
based signalling in a lower eukaryote. It had pre- 
viously been thought that such signalling arose in 
metazoan organisms in order to mediate the com- 
plex, cell-cell signalling pathways needed to 
achieve multicellularity. Since Dictyostelium dis- 
plays a form of facultative multicellularity, such 
an interpretation may be in essence correct; SH2 
domain -.phospho-tyrosine signalling could have 
been one of the tools that had to evolve before 
cells could signal to one another with high selec- 
tivity and sensitivity. 

6.6 

Summary 

Although they grow as physically separate entiti- 
ties, Dictyostelium cells communicate with one 
another through sophisticated signalling systems 
that are very similar in design and structure to 
those of more complex organisms. Extracellular 
signalling is used both to direct cellular differen- 
tiation and to control aggregation and morphoge- 
netic cell movements. Thus far, three small mole- 
cules, cAMP, DIF and NH3, and two glycoproteins, 
PSF and CMF, have been discovered to be extra- 
cellular signals. The intracellular processing of 
these signaling molecules shows a remarkable de- 
gree of homology to the transduction mecha- 
nisms of growth factors and hormones in metazo- 
ans. They act on serpentine receptors, which cou- 
ple to heterotrimeric G-proteins to activate adeny- 
lyl cyclase and guanylyl cyclase. The same recep- 
tors also activate the MAP kinase ERK2, and 
most likely GSK-3 in a G-protein independent 
manner. In addition, these signals activate tyro- 
sine phosphorylation of STAT transcription fac- 
tors. Dictyostelium also displays entire novel sig- 
nal transduction cascades such as an adenylyl cy- 
clase that functions as an osmosensor and a dual 
component phosphorelay system, which controls 



terminal differentiation by regulating cAMP levels 
and PKA activation. 
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7 The Cell Division Cycle in Aspergillus nidulans 

John Doonan 



7.1 

Introduction 

Aspergillus nidulans has several attractions as an 
experimental organism for studying cell division. 
Firstly, it is very well characterized at the genetic 
and molecular levels, enabling a thorough dissec- 
tion of complex processes like cell division. The 
organism can grow as either a haploid or a di- 
ploid, so mutations can be easily isolated in the 
haploid phase and analyzed for complementation 
group in the diploid phase. Secondly, this fungus 
undergoes a simple, well-defined morphogenesis 
which is also amenable to genetic dissection and 
offers the opportunity to study cell cycle control 
in a developmental context. Thirdly, Aspergillus 
nidulans is very closely related to species of either 
industrial and medical importance and therefore 
serves as an extremely good model for these spe- 
cies. Finally, Aspergillus has proven to be a re- 
markably useful model for higher eukaryotes, and 
many of the genes identified have homologues in 
mammalian cells. 



7.2 

Common Features of the Eukaryotic 
Cell Division Cycle ^ 

One of the most dramatic events in biology is the 
division of a cell into two. The ordered series of 
events which lead up to division are largely invisi- 
ble, but the profound restructuring that occurs 
during mitosis and cytokinesis provides a display 
of cytoplasmic activity which can be observed 
easily with a good microscope. Scientists like to 
classify and subdivide processes; the cell division 
cycle can be split into two discrete phases, inter- 
phase and mitosis, on the basis of physical ap- 



pearance. Interphase is the time between one mi- 
tosis and the next when the cell grows, replicates 
its genome or makes other preparations necessary 
for division. Interphase can be subdivided into at 
least three phases: G1 - a gap between mitosis 
and the start of DNA replication; S-phase - the 
period during which the nuclear genome is repli- 
cated; and G2 - the gap between S-phase and en- 
try into mitosis. Likewise, distinct stages can be 
observed within mitosis: prophase - the period 
during which the replicated chromosomes con- 
dense, attach to the spindle and move to the mid- 
zone of the spindle; metaphase - the chromo- 
somes align along the mid-zone; anaphase - the 
period during which sister chromatids separate 
and move towards the poles of the spindle and fi- 
nally, telophase - a period during which daughter 
nuclei finally separate and return to an interphase 
state. Fig. 1 shows a summary of the main phases 
of the cycle. 

These different stages of interphase and mitosis 
have more significance than just a means of clas- 
sification. In many cases, transition between one 
stage and the next is carefully monitored and 
regulated by mechanisms called checkpoints. 
Checkpoint is the name given to a mechanism for 
making one process dependent on a biochemi- 
cally unrelated process or event. Such checkpoints 
are necessary to impose order on the cell division 
cycle. Within a typical biochemical pathway, e.g., 
substrate substrate substrate C, order is 
often imposed by the simple fact that if substrate 
B is not produced, then neither will substrate C 
be produced. Thus, dependency within this path- 
way is imposed directly by products of the path- 
way and not by outside influences. However, with- 
in the cell cycle there are a large number of what 
are essentially independent biochemical activities 
that have to be coordinated so that late events are 
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Fig. 1. The cell division cycle; an ordered series of events. 
The cell progresses from one phase of the cycle to the next 
in the order indicated by the arrows. The main phases are 
G1 or gapl, S-phase when DNA is synthesized, G2 and M 
or mitosis. Progression from G1 into S-phase and from G2 
into mitosis is regulated by a heterodimeric cyclin-depen- 
dent protein kinase composed of a cyclin and a catalytic 
subunit called p34 

dependent on the completion of early events. For 
example, the replication of DNA is biochemically 
distinct from assembly and function of the spin- 
dle, the mechanism responsible for separating the 
replicated chromosomes, but a successful cell di- 
vision requires that these events are interdepen- 
dent. Mechanisms exist for checking that DNA re- 
plication is complete before the spindle is as- 
sembled and activated. A checkpoint pathway has 
at least three components; a signal generator, a 
signal transducer and an effector. The importance 
of checkpoints is highlighted by the grim reality 
of their failure. Defective checkpoints contribute 
to cancer at least two modes: progression through 
an aberrant cell cycle can produce genetic damage 
which, in turn, may lead to permanent loss of 
checkpoints which couple cell division to develop- 
mental controls. 



7.3.1 

The Cell Division Cycle in Aspergillus^ 

As with many other organisms, the cell cycle in 
Aspergillus varies with the developmental stage of 
the organism. Aspergillus propagates asexually by 
means of conidiospores, dormant cells arrested in 
Gl. These are approximately spherical cells, pro- 
duced in large numbers, that are highly adapted 
for rapid dispersal: they float readily on air cur- 
rents and the hydrophobic nature of their cell wall 
allows them to spread widely across liquid sur- 
faces. Conidiospores contain a single, highly con- 
densed nucleus. On arrival in a suitable environ- 
ment, the spore takes up water and swells to 
about 1-2 pm in diameter. Polarized cell-elonga- 
tion at a restricted region of the spore produces a 
hypha. Hyphal emergence usually occurs between 
4 and 6 h later at 37 ""C, depending on nutrient 
conditions. During this time, the cell undergoes a 
number of structural changes: the nucleus decon- 
denses and a distinct nucleolus develops; the nu- 
cleus then undergoes DNA replication or S-phase. 
The first nuclear division or mitosis may occur 
either before or after hyphal emergence depend- 
ing on growth conditions. In hyphae growing at 
37 °C, Gl is estimated to last 15 min; S-phase, 
25 min; G2, 30 min; and mitosis, 5 min. Under 
different growth conditions, the duration of S- 
and M-phase remain similar, but the Gl and G2 
phases vary. After mitosis is complete, the daugh- 
ter nuclei move apart and a binucleate cell is pro- 
duced. Septation, the process by which the cell is 
finally divided into two physically separate units, 
is delayed until after the third round of nuclear 
division when a single septum will be produced. 
A diagrammatic version of this first cell cycle is 
shown in Fig. 2. Usually, the septum is placed 
asymmetrically, close to the conidial head, so that 
the two daughter cells are unequal in size. The 
apical cell continues to grow by tip growth but 
the basal cell must form a new tip, either as a 
branch close to the septum or as a new tip grow- 
ing from the conidiospore. 

After the first hyphal cell division, the nuclear 
division cycle and the cell cycle are more tightly 
coupled so that there is a cell division following 
each nuclear division. As a colony is established, 
cells around the periphery continue to grow and 
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erate without cell divisions. Small uninucleate 
cells j called primary sterigmata, are produced on 
the surface of the vesicle by budding. The nuclear 
and cell cycle are tightly coupled in these cells 
and they divide once to produce a secondary ste- 
rigmata also by budding. The secondary sterigma- 
ta divide to produce the conidiospore. This final 
division is highly asymmetric: the daughter nu- 
cleus in the spore enters dormancy while the 
other daughter can reenter the cell cycle and the 
sizes of the two daughter cells differ. Scanning 
electron micrographs of different stages of the life 
cycle are shown in Fig. 3. 



mitosis 



S-phase 




mitosis 




o a> ^ 



septation ^ 

Fig. 2. Cell division cycle in Aspergillus germlings. The 
conidiospores swell, decondense tneir nuclei and enter S- 
phase. Hyphal emergence occurs either before or after nu- 
clear division. The first cell division occurs after three 
rounds of nuclear division 



divide as described above^ but cells in the centre 
divide more slowly Developmental competence 
{the potential to form the multicellular conidio- 
phores on which asexual spores are produced) is 
achieved after several hours growth, but initiation 
of these structures depends on suitable environ- 
mental conditions, namely a medium-air inter- 
face. Aerial hyphae are produced that, after a per- 
iod of polar growth, swell to produce a vesicle at 
their tip. Aldiough the cell cycle has not been 
carefully characterized in these cells, nuclei prolif- 
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Mitosis in Aspergillus 

Mitosis is the process by which the cell's nucleus 
is divided into two daughter nuclei and occurs 
after DNA replication is complete. Freeze substitu- 
tion followed by EM provides the highest resolu- 
tion images of the interphase and mitotic nuclei 
and demonstrates the profound changes which 
occur when a nucleus enters mitosis (see Fig. 4). 
Images of interphase nuclei made in this way 
reveal a highly ordered substructure, including a 
darkly stained nucleolus, surrounded by more 
lightly stained nucleoplasm: the entire organelle is 
delimited by a typical double membrane nuclear 
envelope. Within the nuclear envelope is a multi^ 
layered structure called the spindle pole body. 
The spindle pole body is duplicated during early 
interphase, probably during S-phase. The dupli- 
cated spindle pole bodies remain together until 
the cell traverses the G2/M boundary. During in- 
terphase, the spindle pole bodies nucleate a few 
microtubules, mainly on the cytoplasmic face. As 
the cell enters mitosis, cytoplasmic microtubules 
disassemble and new microtubules are nucleated 
on the nuclear face of the spindle pole bodies. As 
these intranuclear microtubules grow, the spindle 
pole bodies move apart and a short spindle of in- 
terdigitating microtubules is established between 
them. By midmitosis (metaphase), EM studies re- 
veal that the spindle pole bodies lie at opposite 
ends of the nucleus. Coincident with establish- 
ment of the spindle, the nucleolar region becomes 
less distinct and disappears. Dark-stained regions 
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Fig, 3A>B, Scanning electron microscopy of cells at different stages of development (A) ungerminated spores and emer- 
ging hyphae (B) differentiated condiophore. 



of condensed chromatin are apparent in meta- 
phase nuclei and are connected to the poles by 
bundles of microtubules. The pole-to-pole micro- 
tubule bundle elongates during anaphase and in- 
creasing numbers of astral microtubules associate 
with the cytoplasmic face of the spindle pole 
body. At the end of mitosis, the daughter nuclei 
return to an interphase configuration with the re- 
appearance of discrete nucleoli and decondensa- 
tion of the chromatin 

Green fluorescent protein (GFP) linked to 
DNA-binding proteins has allowed the movement 
of the chromosomes to be seen in real time (see 
Fig, 5): during the early stages of mitosis the 
chromosomes move very actively but by mid- 
phase they converge in the midzone of the spin- 
dle, Midphase may last several minutes, but ana- 
phase, when the sister chromatids are separated. 



is normally completed rapidly in about 2 min. 
Occasional exceptions to this general rule are ob- 
served when nuclei temporally arrest in anaphase 
and appear to undertake a mutual exchange of ge- 
netic material This suggests that there is a mech- 
anism for checking the success of DNA segrega- 
tion, even after anaphase has commenced. Some 
nuclear components (including some proteins and 
parts of the nucleolus) are segregated by a spin- 
dle-independent mechanism. These components 
may be released from the nucleus early in mitosis 
and subsequently are taken up into the daughter 
nuclei at the end of mitosis. The structure of the 
nucleus and the nuclear envelope undergo alter- 
ations which can be observed in electron micro- 
graphs, and this may reflect the release of such 
components. Such alterations are most extreme in 
animal and higher plant cells, where large parts 
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Fig. 4A,B. Freeeze subsitmted 
nuclei in interphase (A) and mi- 
tosis (E) (Micrographs courtesy 
of Dr. Kerry O'Donnelh ] Cell 
Sd with permission) 




B 




of the nucleus and the nuclear envelope are disas- 
sembled, but ail eukaryotes (with the possible ex- 
ception of budding yeast) undergo some modifi- 
cation of their nucleus in preparation for^ and 
during, mitosis, 

74 

Studying the Cell Cycle in Aspergillus: 
Methodology 

7 , 4,1 

Observing Mitosis 

Although it is possible to observe mitosis directly 
in living cells, this is not always appropriate for 
many experiments. Therefore, several methods 
have been developed to monitor cell cycle progres- 
sion. The isolation and analysis of cell cycle mu- 
tants in Aspergillus has relied heavily on micro- 



scopic examination of temperature-sensitive 
strains stained with DNA dyes, such as aceto-or- 
cein, but these dyes are quite difficult to use routi- 
nely. The advent of improved fluorescent probes has 
provided new insights into the cellular changes 
which occur during the nuclear division cycle. 
The DNA-specific dye, DAPI, provides a conve- 
nient tool for monitoring number, distribution 
and conformation of nuclei within cells. In fixed 
cells, stained with DAPI, the interphase nucleus 
has three discernable regions: the chromatin stains 
as a bright blue crescent surrounding a single dark 
nucleolus and a single small densely stained very 
bright DAPI-philic spot is observed, usually at the 
edge of the chromatin. This spot may be hetero- 
chromatin underlying the spindle plaque, since an 
area of osmiophilic material is observed in this re- 
gion in EM micrographs (Fig. 4 ). In mitosis, these 
separate regions are no longer discrete: the chro- 
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Fig. 5, Mitosis in real time (min) revealed by expression of 
GFP linked to the DNA binding domain of GAL4. (Courtesy 
of Helen Fox, Mol Micro with permission.) The early part 
of mitosis is characterized by the active movement of chro- 
matin strands which probably represent chromosomes. The 



chromatin condenses further at midphase (9 and 1L5 min). 
Anaphase is shown at 14.5 and 16.5 min and from 18.5 to 
24 min, the daughter nuclei gradually return to an inter- 
phase configuration 



matin region condenses and the nucleolar region 
disappears. DNA dyes which bind in a quantitative 
manner can be used to provide information on the 
amount of DNA within a cell or a nucleus. In con- 
junction with a flow cytometer, DNA dyes can be 
used to determine progression through S-phase. 

Antitubuiin antibodies provide an alternative 
means to monitor the cell cycle (Fig. 6). Microtu- 
bule distribution cycles between an interphase or- 
ganization, where longitudinally orientated cyto- 
plasmic microtubules run down the length of the 
hyphae, and a mitotic organization, where cyto- 



plasmic microtubules disassemble as the intranu- 
clear spindle is set up. Few cytoplasmic microtu- 
bules are present at metaphase, but as the cell en- 
ters anaphase, spindle pole-associated (or astral) 
microtubules increase in length and abundance. 
Translational fusions of GFP with tubulin has al- 
lowed the production of strains which contain 
fluorescently labelled microtubules, enabling mi- 
crotubule dynamics to be observed in real time. 

A third cytological marker for cell cycle studies 
is the MPM-2 antibody MPM-2, a monoclonal 
antibody raised against mammalian mitotic cells. 
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Fig, 6, Indirect immunofluores- 
cence with antitubulin antibod- 
ies reveals that microtubule or- 
ganization cycles between cyto- 
plasmic microtubules in inter- 
phase and spindles in mitosis. 
Young spinolcj SI; midphase S2; 
anaphase; 53, and interphase 
microtubules, cyt 




recognizes mitosis -associated phosphoproteins in 
a wide range of eukaryotes. In AspergfUuSy MPM- 
2 reacts with the spindle pole body from the mid- 
dle of G2 phase until the end of mitosis, implying 
that this structure is phosphor ylated during this 
phase of the cycle. Accordingly, MPM-2 has pro- 
vided a useful preliminary screen for mutations 
defective in regulation of protein phosphorylation. 
In addition, many other antibodies are now avail- 
able which recognize specific cellular components. 
One notable example is anti-y tubulin antibodies 
which recognize the spindle poles, 

7A.2 

Genetic Tools for Looking at tlie Cell Division Cycle ^ 

The genetic and physiology of Aspergillus is very 
well characterized and provides an excellent base 
from which to launch more detailed analysis of 
cellular phenomena. Since cell division is essen- 
tial for growth and normal development, cell cy- 
cle mutants are, by definition, lethal in a haploid 
organism, and so must be isolated as condition- 
ally lethal mutants. Conditional, in this context, 
means that such mutants can be propagated un- 
der one set of conditions {so-called permissive 
conditions) but that they display their phenotype 



(and die) under other conditions (so called-re- 
strictive conditions). The physiological adaptabil- 
ity of Aspergillus j which will grow between 15 and 
44 has been exploited to isolate collections of 
both low and high temperature-sensitive mutants. 
The original screens for temperature-sensitive cell 
cycle mutants relied on brute force screens: colo- 
nies were replica- plated and grown at high and 
low temperatures to identify strains which carried 
conditional lethal mutations. These strains were 
then examined using DNA dyes to determine if 
nuclear division was perturbed. This simple 
approach was very effective and identified a large 
number of ftinctions required for hyphal growth 
and nuclear division (Fig. 7), These mutations ef- 
fectively tag the genes concerned and, by means 
of DNA-mediated complementation, allow the iso- 
lation of the corresponding wild- type genes. 

This initial resource has provided a launching 
platform for the identification of interacting 
genes: by remutagenizing conditional lethal mu- 
tants, it has been possible to identify extra-genic 
suppressors which overcome the effect of the pri- 
mary mutation. These represent mutations, in a 
second gene, which may restore function to the pri- 
mary gene or may bypass the requirement for it. 
This approach has allowed the isolation of genes 
whose existence was not even guessed at: for exam- 
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Fig. 7. Summary of genes involved in the nuclear division tant, tub: tubulin; mip: microtubule interacting protein; HU; 

cycle and their suspected function and time of action in hydroxyurea; Mts microtubules and APC: anaphase promot- 




ple, y-tubulin was first identified as a suppressor of 
a ts B-tubulin mutation. The abundance of the y-tu- 
bulin protein is so low that it is very doubtful if it 
could have been isolated biochemically. 

7.4.3 

DNA-Mediated Transformation 

as a Tool to Manipulate Gene Expression 

The ability to introduce defined DNA into the ge- 
nome has further broadened our ability to identify 
and characterize cell cycle genes. The gene corre- 
sponding to a given mutation can be isolated using 
DNA libraries to complement, or repair, the mutant 
strain. The subsequent cloning and characterization 



of the gene allows predictions to be made about 
the protein and often indicates something about 
its probable function. Secondly, isolated genes can 
be engineered and reintroduced to modify the 
amount of gene product produced in the cell. 

Because transforming DNA using integrates at 
homologous sites in Aspergillus, engineered con- 
structs can be targeted to specific sites and thus di- 
rectly modify the genome. To achieve this at a rea- 
sonable rate, about 500 bp of homologous DNA is 
required. Constructs can be designed to disrupt a 
given gene, to delete it or to replace all or parts 
of it with a gene of choice. These techniques have 
a variety of uses, from making null alleles for 
checking gene function to examining the function 
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of motifs within a protein. The multinucleate hy- 
phal growth habit combined with uninucleate 
spores means that even essential genes can be ana- 
lyzed by gene disruption: the logic is that hyphae 
produced from a transformation experiment will 
consist of both transformed and untransformed 
nuclei; the transformed nuclei contain a selectable 
marker but have lost an essential gene function, 
whereas the wild-type nuclei do not have the select- 
able marker but do retain the essential function; 
under selection, these transformants maintain 
both types of nuclei until sporulation, when they 
are segregated into spores. Germinating the spores 
reveals the phenotype. 

The level or pattern of expression of a given 
gene can be changed by exchanging its promoter 
for one whose activity can be regulated. One of 
the most widely used promoter systems is based 
on the alcohol dehydrogenase {ale A) promoter, 
which is switched off when cultures are grown on 
glucose and switched on when grown on ethanol. 
By placing this promoter in front of an essential 
gene, it is possible to create alcohol dependency. 
In addition to providing information of the role 
of the particular gene product, such strains also 
are useful for further genetic screens because they 
can effectively be used as conditional mutants. 

7.4.4 

Protein Surveillance: Epitope Tagging 
and Green Fluorescent Protein 

Proteins are tagged by transcriptionally fusing de- 
fined inserts into the relevant gene and then either 
expressing this tagged version in the fungus or, ide- 
ally, using it to replace the resident genomic copy. 
The tagged gene product can be recognized by 
the corresponding epitope-specific antisera which 
bypasses the need to raise specific antisera to each 
and every protein. The sizes of the tags vary from 
nine amino acids upwards and often have little ef- 
fect on the function of the protein. A good test is 
to see if the tagged version can complement the 
mutant gene. 

A recent extension of protein tagging technology 
is green fluorescent protein (GFP), a self-reporting 
tag. GFP can be fused to almost any other protein 
and it only requires excitation by the correct wave- 



length of light to produce a signal. It thus can pro- 
vide information on the location or abundance of 
proteins in living cells. The original GFP gene has 
been extensively modified (indeed the wild-type 
version is not translated in Aspergillus) and a vari- 
ety of mutations have been introduced to increase 
its brightness and solubility, and to change the ex- 
citation and emission wavelengths. Emission mod- 
ified versions provide the potential to label at least 
two different proteins and follow them simulta- 
neously within the same cell. 

7.5 

Different Classes of Genes Required 
for Cell Division ^ 

Cytological and genetical analysis of conditionally 
lethal mutants has implicated a large number of 
genes in various aspects of the nuclear division 
cycle (see Fig. 8). The general phenotype is one 
where spore germination and hyphal emergence 
occur but nuclear division does not. Mutations in 
a few genes do affect hyphal growth as well as 
nuclear division suggesting that these proteins 
may participate in or coordinate the two pro- 
cesses. The orginal screens isolated temperature 
sensitive lethal mutations which were character- 
ized using cytological stains to observe nuclear 
and spindle structure. Mutants that contained a 
lower number of nuclei than wild type were split 
into two groups, nim and him, on the basis of 
chromatin configuration and presence or absence 
of spindles at restrictive temperature. Mutants 
which arrest with interphase-like nuclei were giv- 
en the acronym nim, never in mitosis; those with 
condensed nuclei bzm- blocked in mitosis. 

7.5.1 

Never in Mitosis Mutants 

The nim mutations arrest the cell cycle in inter- 
phase but to determine where, the arrest points of 
the individual mutants were mapped relative to 
the arrest point of a chemical inhibitor of DNA 
replication, hydroxyurea (HU). By imposing a HU 
block before or after imposition of the tempera- 
ture-sensitive block and scoring for ability to 
complete nuclear division under these two condi- 
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Fig. 8. Model describing the interaction of the 
and NIMA protein kinases with BIME to control entry into 
mitosis and the alternation of S and M. The 
phosphatase activiates the NIMX kinase by removal of a 



phosphate residue from tyrl5 (J). This active cytoplasmic 
NIMX kinase phosphorylates and activiates (2) the NIMA 
kinase, which then allows the NIMX kinase to enter (3) the 
nucleus, perhaps by modifiying nuclear pores 



tions one can infer whether the mutation has its 
effect before, at the same time, or after the HU 
block. Firstly, the uninucleate spores are germi- 
nated in HU at permissive temperature or in the 
absence of HU but at restrictive temperature. The 
cells are allowed to arrest at the respective HU- 
sensitive and ts-block point respectively. The 
spores grown on HU at permissive temperature 
are then shifted to HU-free media at restrictive 
temperature; those grown on HU-free media at re- 
strictive temperature are moved to HU media at 
permissive temperature. The ability of germlings 
to complete nuclear division is then scored. For 
cell cycle mutants which arrest in interphase 
there are four possible results: 

1. G1 arrest: only restrictive temperature followed 
by HU will prevent completion of the cell cycle. 



2. S-phase: both types of shift will prevent com- 
pletion of the cell cycle. 

3. G2: only HU followed by restrictive tempera- 
ture will prevent completion of the cell cycle. 

4. If neither type of shift prevents completion of 
the cell cycle, then the mutation probably af- 
fects a HU-independent pathway. 

This approach failed to identify any strains blocked 
in Gl, but several mutations produced nuclei which 
could not be scored due to abnormal nuclei which 
may be a consequence of Gl arrest. Five mutations, 
sodBly nimC3, nimGlO, nimKlA and nimQ20y were 
classified as blocking in S-phase. Mutations in sev- 
en nim genes conditionally prevent the transition 
from G2 to M, including nim A, nimB, nimE, 
nim% nimUy HfaB and HfaF, the first five of which 
have been cloned. 
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In eukaryotes, the transition between G2 and M 
is regulated by a protein kinase whose catalytic 
subunit is referred to as p34cdc2. The gene encod- 
ing the Aspergillus homolog of p34cdc2, nimXy was 
isolated by reverse genetics. Gene-disruption and 
gene-replacement experiments showed that nimX 
mutants failed to undergo mitosis, so therefore 
had typically nim phenotypes. However, nimX mu- 
tants have never appeared in mutant screens based 
on nuclear morphology perhaps because the mito- 
chondria continue to duplicate and produce an 
usual cellular appearance when stained with 
DAPI. nimX appears to be the only p34cdc2 homo- 
logue in Aspergillus and carries out functions at 
both Gl/S and G2/M. 

The p34cdc2 kinase is regulated at a number of 
levels. The kinase catalytic subunit must physi- 
cally associate with a regulatory subunit known 
as a cyclin (the name refers to its cyclical appear- 
ance and disappearance in oocytes). In Aspergil- 
lus, the nimE gene encodes a cyclinB subunit, 
similar to that of cdcl3 of S. pombe, CyclinB is a 
regulatory subunit of p34^^^^^ kinase and is essen- 
tial for its mitotic activation. Only a single Btype 
cyclin, nimE, has been so far identified in Asper- 
gillus, but another mutant allele of nimE arrests 
in S-phase. Thus, it seems that the nfmE-encoded 
cyclin performs both Gl/S and G2/M functions. 

Another layer of regulation of p34cdc2 occurs 
at the level of reversible protein phosphorylation. 
Work in a number of species suggests that phos- 
phorylation of a particular tyrosine residue about 
position 15 is important for preventing premature 
activation of the kinase, although in some species 
this is less critical than others. The nimT gene en- 
codes a phosphotyrosine phosphatase, similar to 
the fission yeast cdc25 phosphatase. The mutant, 
nimT23, blocks in G2 with inactive p34^^^^^ ki- 
nase, phosphorylated on tyr-15. An extra copy of 
the nimE gene can partially compensate for muta- 
tion of the nimT gene, perhaps increasing the 
amount of pre-MPF (tyrosine phosphorylated cy- 
clinB/cdc2) for ^zfmT23-mediated activation and, 
eventually, the mutant phosphatase activates en- 
ough kinase to allow entry into mitosis. 

Another kinase activity, provided by the NIMA 
protein, is also required for mitotic entry in As- 
pergillus, Similar proteins are present in animal 
cells but their function is not clear. Yeasts appear 



to functional homologues. At restrictive tempera- 
ture, mutations in the nim A gene block in G2 but 
the block is readily reversible- return of cells to 
the permissive temperature results in a synchro- 
nous entry into mitosis within a few minutes. The 
nim A gene is regulated at several levels, including 
transcriptional, translational and by reversible 
protein phosphorylation, nim A mRNA increases 
to a maximum at mitosis and falls as the cells re- 
turn to interphase. Its level is clearly important, 
as ectopic expression of nimA mRNA from an in- 
ducible promoter can drive chromatin condensa- 
tion from any stage in the cell cycle. When multi- 
ple or stabilized copies of nimA are overex- 
pressed, cells persist in mitosis with elongated 
spindles and condensed fragmented chromatin, 
showing that exit from mitosis requires low levels 
of nimA, The mechanism by which nimA tran- 
script is destroyed is not known. The NIMA pro- 
tein is a cell cycle-regulated yff-casein kinase that 
reaches a peak in mitosis. Both the NIMA and 
kinases are required for entry into 
mitosis and seem to be components of a complex 
regulatory pathway (see below). 

7.5.2 

Blocked in Mitosis Mutants 

Another class of mutants, the blocked in mitosis 
or bims, display a high mitotic index at restric- 
tive temperature; that is to say, their nuclei tend 
to arrest or delay in mitosis. A wild-type popula- 
tion of cells will contain about 3-5% mitotic cells 
during exponential growth but if a mutation de- 
lays the cycle during mitosis, then this proportion 
rises. The reason for the delay or arrest can be 
due either to structural defects in the mitotic ap- 
paratus, or to failure of a checkpoint control. 

Structural genes required for mitosis, not sur- 
prisingly, include the tubulin genes which encode 
the main proteins of the mitotic spindle. Muta- 
tions in both a- and yS-tubulin can arrest in mito- 
sis, as can microtubule poisons such as benomyl. 
The benA gene, so called because mutations in 
this gene are resistant to the microtubule poison, 
benomyl, encodes two of the three yff-tubulin pro- 
teins and a temperature-sensitive allele, benA33, 
causes the production of very stable microtubules. 
These hyperstable microtubules can form a persis- 
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tent spindle, but this spindle is unable to com- 
plete a successful mitosis. Studies on this muta- 
tion demonstrated that the spindle was a dynamic 
structure and that microtubule turnover was re- 
quired for normal mitosis. Many of the mutations 
in benA were selected on the basis of their resis- 
tance to microtubule drugs. Suppressors of this 
phenotype were found to lie in a second gene, 
tub Ay which encodes one of the a- tubulin genes. 
Molecular disruption of the tub A gene leads to 
mitotic arrest in hyphae, probably because the 
cells cannot form a spindle. Thus, interference 
with microtubule stability in either direction 
leads to problems in progressing through mitosis. 
The tubulins belong to a small multigene family 
which are differently expressed. Disruption of the 
other a-tubulin, tubB, leads to a block in meiosis 
but does not affect the vegetative phase of the life 
cycle. 

Another member of the tubulin superfamily, y- 
tubulin, was identified from suppressor screens. 
This gene is expressed at very low levels com- 
pared to the a- and ^-tubulins and is very unlikely 
to have been discovered by biochemical methods. 
y-Tubulin is encoded by the mip (microtubule in- 
teracting protein) gene, alleles of which were 
found to suppress benA mutations. y-Tubulin ap- 
pears to be a structural component of the spindle 
pole and related proteins have since been identi- 
fied in a variety of microtubule organizing centres 
from diverse species. It is required for normal mi- 
crotubule assembly during spindle assembly, for 
spindle pole body separation and may also play a 
role in the checkpoint at M/Gl which monitors if 
mitosis has been successful. In strains where the 
y-tubulin gene has been disrupted, the cells enter 
mitosis, as judged by chromatin condensation, 
and arrest there for a time (about the equivalent 
of a whole nuclear cycle) but no spindle is 
formed. However, interphase cytoplasmic micro- 
tubules are formed in y-tubulin deletants, suggest- 
ing that interphase microtubules may be nu- 
cleated by a different mechanism. 

The spindle is a mechanochemical device for 
separating sister chromatids. The structural com- 
ponents, the microtubules, undergo dramatic re- 
arrangements within a short time. They are as- 
sembled on the nuclear face of two adjacent spin- 
dle pole bodies; interdigitation of the two sets of 



microtubules occurs and the spindle pole bodies 
move apart and take up positions on each side of 
the nucleus. The motive force for these move- 
ments is provided, at least in part, by the BIMC 
protein. bimC mutants cannot separate their spin- 
dle pole bodies at restrictive temperature and 
consequently fail to set up a normal metaphase 
spindle. BIMC is the founding member of the 
family of kinesins that have an N-terminal motor 
domain. Deletion of kip A, another kinesin with a 
C-terminal motor domain, suppresses the tem- 
perature-sensitive phenotype of a bimC mutant, 
suggesting that both putative motors are required 
and may act in opposition to keep the spindle un- 
der tension. 

Several other genes, required for mitotic pro- 
gression, do not seem to encode proteins directly 
involved in structural components of the mitotic 
apparatus and may regulate various aspects of mi- 
totic progression. These include bimA, bimB, 
bimDy bimEy bimG and bimH. 

The phenotype of mutations in the bimAy E 
and H genes is a defect in the metaphase to ana- 
phase transition and they encode components of 
the anaphase-promoting complex. This complex is 
a ubiquitin ligase which targets certain proteins 
for ubiquitin-dependent proteolysis. These pro- 
teins, as yet unidentified in AspergilluSy must be 
destroyed before the cell can progress into ana- 
phase. Components of the APC complex localize 
to the nucleus; BIMA is enriched in the spindle 
pole body, as judged by antibody staining, and 
BIMH:CFP is located to the nucleus. 

Mutations in the bimB gene cause an aberrant 
mitosis and produces a polyploid nucleus. The 
BIMB protein is related to ESPl from budding 
yeast and cutl from fission yeast. Since these pro- 
teins play a role in sister chromatid adhesion, this 
suggests that bimB mutants might be defective in 
chromosome separation. 

BimD mutants arrest with aberrant spindles 
with reduced numbers of microtubules. Chromo- 
somes never attach to the spindle, and suggesting 
that BIMD might be a component of the kineto- 
chore. Extragenetic suppressors of bimD mutants 
have been isolated and one lies in a gene, sudAy 
which is related the DA-box family of proteins 
which are important for chromosome structure 
and function mammalian cells. 
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himG encodes a protein phosphatase required 
for anaphase progression. MPM2 staining reveals 
that several cellular structures, including the spin- 
dle pole body and the nucleolus, are highly phos- 
phorylated in comparison to wild type. Its role 
may be to dephosphorylate substrates of the 
nimA and p34cdc2 kinases and(or) to activate the 
anaphase-promoting complex. Antibody staining 
and BIMG::GFP experiments show that it is lo- 
cated at the spindle pole body and the nucleolus. 
An important question will be how the phospha- 
tase interacts with other mitotic regulators such 
as the APC complex and NIMA. 

7.5.3 

Septation-Defective Mutants 

Many of the nim and bim mutants fail to septate, 
but this is not surprising since they fail to under- 
go one complete round of the nuclear division cy- 
cle, and the first septation in Aspergillus does not 
occur until after the third round. A distinct class 
of mutations, called sep, was isolated which un- 
dergoes many rounds of division but fails to form 
septa. At least nine genes required for septation 
have been identified by mutagenesis There appear 
to be at least two, perhaps three, distinct types of 
sep genes, those that are required for septum for- 
mation per se and those that are involved in a 
checkpoint which couples septation with the in- 
tegrity of the genome. The first type includes 
sep A, D, G and H, whose mutations are unable to 
form a septum following a shift from restrictive 
temperature to permissive. The sepA gene encodes 
a member of the FH 1/2 family of proteins and is 
required after mitosis to promote septum forma- 
tion, probably by affecting actin-related processes. 
Consistent with a role in actin function, sepA mu- 
tants also display growth and developmental de- 
fects. A screen for genes which inhibit growth 
when overexpressed from the alcA promoter 
found that high-level expression of a truncated 
version of sepA could prevent hyphal extension. 

The second type of septation mutants affects 
nuclear structure perhaps by affecting DNA repli- 
cation or by reducing the fidelity of chromosome 
segregation, and includes sepB, C, £, I and / as 
well as some of the nim mutants described above. 
Unlike the first group, these mutants do not form 



a septa after downshift to permissive temperature. 
Accumulation of errors in the DNA is believed to 
trigger the septation checkpoint. Mutations in 
sepB reduce the fidelity of chromosome segrega- 
tion and the SEPB protein is related to the CTF4 
gene of budding yeast, which is also believed to 
increase the fidelity of chromosome segregation. 
Unlike the Aspergillus gene, CTF4 does not affect 
cytokinesis. SepB has been placed upstream of 
p34cdc2 in the checkpoint pathway (see below). 

7.5.4 

Genome Integrity Mutants 

Genes affecting the cell cycle have also been iso- 
lated by more indirect screens. Many mutations 
that lower the fidelity with which chromosome 
segregation occurs are also required for cell cycle 
progression. Hfa (high frequency of aneuploidy) 
strains, when grown at semipermissive tempera- 
ture, give rise to a high percentage of asexual pro- 
geny with abnormal numbers of chromosomes. 
This implies that these strains are defective in 
chromosome segregation. We have found that a 
mutation in one of these genes, HfaLy produces a 
temperature-sensitive defect in anaphase, reminis- 
cent of bimGll and its suppressors (J. Doonan, 
unpubl.). Other mutants from this experiment 
were shown to be temperature-sensitive for entry 
into mitosis, blocking in G2. These genes all seem 
to be involved in karyotype stability, but their 
role remains to be determined. 

7.6 

Regulatory Circuits Controlling 
the Nuclear Division Cycle ^ 

The nuclear division cycle replicates the genetic 
material and delivers exact copies into each of 
two daughter nuclei. As in other systems, replica- 
tion of the DNA occurs first and is completed be- 
fore separation (mitosis) commences. The regular 
alteration between S- and M-phase ensures that 
nuclei maintain a constant amount of DNA across 
generations. Mechanisms exist in most cells to en- 
sure that mitosis does not occur before S-phase is 
complete or in the presence of damaged DNA and 
that S-phase only occurs after mitosis is complete. 
Genetic analysis of the process in Aspergillus has 
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revealed three important players, the p34cdc2 pro- 
tein kinase, the NIMA kinase and BIME (APC) 
that interact in a complex manner to regulate 
progression through the nuclear division cycle. 

7.6.1 

Entry into Mitosis 

Entry into mitosis in eukaryotic cells is controlled 
by the p34cdc2 kinase. This kinase is also known 
as maturation promoting factor (from Xenopus) 
or histone HI kinase because it phosphorylates 
histone very efficiently. In Aspergillus^ entry into 
mitosis also requires the activation of a second ki- 
nase, NIMA. The coordinated activation of the 
nimX encoded p34cdc2 kinase and NIMA kinase 
is complex and both are subject to numerous 
layers of regulation. The p34cdc2 kinase is a cy- 
clin-dependent protein kinase - for activity it 
must physically interact with an essential positive 
regulator called cyclinB. In budding yeast there 
are several different cyclins, each produced at dif- 
ferent stages of the cell cycle and having slightly 
different functions. In fission yeast, there are also 
multiple cyclins but their functions can all be un- 
dertaken by the main G2/M cyclin encoded by 
cdcl3. Aspergillus appears to have only one cell 
cycle-related cyclin, encoded by nimE, that func- 
tions at both Gl/S and G2/M. In G2, NIME is pre- 
sent in the cytoplasm but absent from the nucleus 
but enters the nucleus at the transition to mitosis. 
Compartmentalization of the kinase complex may 
ensure that it cannot phosphorylate its substrates 
prematurely. Nuclear uptake of p34cdc2:NIME re- 
quires NIMA activity. Mutations in the nimA gene 
prevent entry into mitosis at restrictive tempera- 
ture and cloning of this gene revealed that it was 
an protein kinase. NIMA abundance and activity 
peak in late G2 and early M-phase and are regu- 
lated by transcriptional controls, posttranslational 
phosphorylations and, finally, by proteolysis. If 
expressed from a strong promoter at inappropri- 
ate times, NIMA can induce premature chromatin 
condensation but not other mitotic events. Its fi- 
nal activation at the G2/M transition is a hyper- 
phosphorylation event which depends on p34cdc2 
activity. NIMA and p34cdc2 could be components 
of a positive feedback loop that ensures that mito- 
sis, when commenced, is irreversible (see Fig. 8). 



7.6.2 

Coupling Mitosis and the Completion of S-Phase 

Entry into mitosis is generally dependent on the 
completion of S-phase and on the repair of DNA 
damage. If S-phase is inhibited, say by chemical 
inhibitors, then M-phase is delayed. This delay is 
mediated by signals which prevent the activation 
of the NIMX^^ kinase, in particular by phos- 
phorylation of NIMXP^^'^^^^^^ on residue tyr-15. 
This modification prevents kinase activation dur- 
ing S-phase and G2. The phosphate group must 
be removed before the cell can enter mitosis and 
this is achieved by a specific tyrosine phospha- 
tase, cdc25 in fission yeast or NIMT in Aspergil- 
lus. The wiring of this control point varies be- 
tween species: in budding yeast, tyrl5 phosphory- 
lation is linked to a cell morphology checkpoint 
and cells can grow and divide without needing to 
phosphorylate p34 on tyr-15. The other extreme 
is the fission yeast, which will enter a premature 
mitosis if it cannot phosphorylate tyr-15 on 
Mechanisms sensing DNA damage 
appear to feed in either via inhibition of the 
NIMT^^^^^ phosphatase or by the activation of the 
weel kinase (the protein responsible for phos- 
phorylating the tyrosine residue). 

In Aspergillus, as in mammalian cells, this phos- 
phorylation event is part of the system which en- 
sures the integrity of genome before permitting mi- 
totic entry. Mutations in the relevant phosphatase, 
encoded by conditionally prevent entry 

into M-phase due to an inability to activate the 
NIMX^^ kinase. However, in both Aspergillus 
and mammals, mutations which prevent phosphor- 
ylation of tyr-15 in the p34‘^^‘^^ protein have an in- 
termediate phenotype where the cells can grow 
and divide but if the DNA is damaged or DNA syn- 
thesis is slowed, they enter a premature mitosis. This 
infers that phosphorylation on tyr-15 is required to 
prevent mitosis when DNA is damaged or replica- 
tion is slowed but is not required for the normal 
cell cycle. Aspergillus, like animals and plants, must 
have additional mechanisms to ensure that mitosis 
does not occur during S and G2 phases. Compara- 
tive studies of checkpoint pathways show that the 
exact wiring diagrams of mitotic regulatory cir- 
cuits can show remarkable differences, despite con- 
taining many of the same components. 




7 The Cell Division Cycle in Aspergillus nidulans 113 



The additional mechanism needed to link S- and 
M-phase seems to be provided by the BIME pro- 
tein. Loss of BIME function affects the cells ability 
to arrest the cell cycle in response to incomplete 
DNA replication. Combining a bimE7 mutation 
with a non-phosphorylatable mutation in nimX 
produces a stronger loss of mitotic regulation than 
either single mutant when DNA synthesis is com- 
pletely blocked. The bimE gene encodes a compo- 
nent of the anaphase promoting complex (APC, 
see Sect. 7.5.2). Mutations in bimE arrest at the me- 
taphase to anaphase transition, suggesting that this 
gene functions to degrade mitotic regulators such 
as NIMA and but this does not pre- 

clude additional roles during interphase. Indeed 
one such role might be to ensure that there are 
low levels of mitotic proteins such as NIMA during 
interphase: loss of BIME function in a cell with de- 
phosphorylated NIMX^^^^^^^^^ leads to aberrant ac- 
cumulation and activation of NIMA during S- 
phase, a stage when NIMA activity is normally 
very low. 



7.6.3 

The Replication Complex and Preventing 
Mitosis Occurring in G1/S 

Two activities, APC (provided by the BIME pro- 
tein and others) and a NIMT phosphatase are re- 
quired to stop mitosis occurring during inter- 
phase. Their relative importance seems to change 
during the cell cycle. The APC activity plays the 
major role during G1 but at the beginning of S- 
phase, NIMQ seems to be required to activate the 
NIMT-mediated checkpoint pathway. 

The nimQ gene is essential for DNA replica- 
tion, but not for cell cycle progression. Indeed, 
mutant nimQ cells duplicate their spindle pole 
bodies and enter mitosis with unreplicated DNA. 
The NIMQ protein is a homologue of MCM2, a 
component of the DNA replication complex and a 
putative licensing factor. Licensing factor is a bio- 
chemical activity described in mammalian cells 
which initiates DNA replication and ensures that 
this occurs only once in every cell cycle. This fac- 
tor is thought to enter the nucleus at M-phase, 
bind to the DNA and make it competent for one 
round of replication. When replication occurs, the 



factor is destroyed and therefore the DNA cannot 
be re-replicated until the nucleus reenters mitosis 
and acquires a new supply of factor from a cyto- 
plasmic pool. 

The NIMQ protein is also required activate tyr- 
15 phosphorylation at the Gl/S transition, per- 
haps by reducing the activity of NIMT phospha- 
tase. This is based on the observation that mutant 
nimQ cells enter mitosis without replicating their 
DNA and the NIMX^^^^^^^ does not become phos- 
phorylated in these strains in response to inhibi- 
tion of DNA synthesis. Although work in yeast 
had proposed that a functional replication com- 
plex is required to activate a negative control sys- 
tem to prevent mitosis during S-phase, the molec- 
ular basis of this, involving tyr-15 phosphoryla- 
tion of NIMX^^^^^^^^^^, had not been described, so it 
will be of some interest to determine how wide- 
spread this mechanism is. A working model 
(Fig. 9) proposes that BIME-APC is the main mi- 
totic inhibitor during G1 but that NIMQ allows 
tyr-15 phosphorylation of p34cdc2 at the start of 
S-phase and this partially takes over the inhibi- 
tion of mitotic events from BIME. How NIMQ 
achieves this is not known but may involve the 
inactivation of the NIMT^^"^^^ phosphatase. 



7.6.4 

Completion of Mitosis and Septum Formation 

In the hyphae, cell division is achieved by the for- 
mation of a septum. Septum formation is tightly 
coordinated with the nuclear division cycle but is 
suppressed by an unknown mechanism for the 
first three rounds of nuclear division. At least 
some of the sep mutants accumulate genetic dam- 
age. This, and the observation that genetic dam- 
age caused by chemicals or UV also inhibits sep- 
tation, led to the idea that these strains fail to 
septate because they fail to complete mitosis cor- 
rectly and so activate the checkpoint that prevents 
cell division occurring before the completion of 
mitosis. NIMX^^^^^^^^ has been implicated in this 
checkpoint pathway (Fig. 10) since strains carry- 
ing the NIMXP^^'^^^^^ AF mutation which cannot 
be phosphorylated on tyr-15 septate prematurely 
(at small cell size) and in the presence of DNA 
damage (either chemically or genetically in- 
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Fig. 9. Two activities, APC (provided by bimE) and a NIMX plays the major role during G1 but at the begining of S- 

phosphatase (provided by nimT) are required to stop mito- phase, NIMQ is required to activate the MMT-mediated 

sis occurring during interphase. Their relative importance checkpoint pathway 
seems to change during the cell cycle. The APC activity 



duced). By careful examination of other mutations 
which allow septum formation in the presence of 
damaged DNA, two uvs (ultraviolet- sensitive) 
genes were identified which did not alter the cell 
size requirement. These may encode signal trans- 
duction components which allow the cell to recog- 
nize damaged DNA. A number of septation genes 
were placed downstream of tyr-15 

phosphorylation on the basis that double mutants 
between nimX^^ and alleles of these genes fail to 
septate. One such gene is sepA, which is required 
for the formation of the actin ring at the division 
site. 

7.7 

Outlook and Summary 

A general question, applicable to most organisms, 
is how does development alter cell cycle dy- 
namics? Whether unicellular or multicellular, the 
life cycle of all organisms involves the prolifera- 
tion of cells. In some unicellular organisms, the 
cell cycle and the life cycle are essentially the 
same thing, but even then the cell cycle is often 
responsive to environment or developmental 
stage. In its simplest form, this response can be 



the cell cycle arrest that accompanies spore dor- 
mancy. The budding yeast cell cycle is modified 
by a number of variables allowing the organism 
to adopt different growth strategies involving al- 
tered cell morphologies and division patterns. 
These alternative cell cycles, budding or pseudo- 
hyphal, are manifest in the morphology of the 
colony and allow for changes in the way resources 
are exploited. Multicellular organisms with multi- 
ple cell types can be a variety of modified cell cy- 
cles including those leading to cell death. 

Although the molecular signals by which devel- 
opmental controls impinge of the cell cycle are 
not clear, progression through the life cycle in 
many species is accompanied by changes in the 
timing and manner of cell division. Within a ma- 
ture Aspergillus colony, there are marked spatial 
variations in the rate and type of cell division. 
Hyphae at the growing edge grow and divide at a 
constant rate, assuming that space and nutrients 
are available, but within the colony the limited 
cell growth and division is usually accompanied 
by differentiation into different cell types. Much 
of this variation is under developmental control 
and there are likely to be signalling pathways 
which impinge on cell cycle progression, perhaps 
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Fig. 10. A p34cdc2 tyr phosphorylation pathway links DNA 
integrity to septation. Small cell size and/or DNA damage 
is thought to maintain tyr 15 phosphorylation on NIMX*^'^ , 



either by activation of wee 1 -like kinases or by inhibition of 
phosphatase. This, in turn, is thought to prevent 
processes necessary for septation 



via modification of the checkpoint pathways de- 
scribed above. The checkpoints which regulate 
progression through the cell cycle are ideal candi- 
dates for feeding in developmental inputs. Check- 
points already regulate events in response to sig- 
nals generated by the cell cycle, so it is not hard 
to image how they might be adapted to respond 
to signals from other sources. Aspergillus is an 
ideal organism for investigating this, but has not 
yet been fully exploited in this regard. The check- 
points involved in cell cycle progression are well 
understood in hyphae. During its life cycle, As- 
pergillus produces a limited number of different 
cell types with altered cell cycles, and presumably 
these are regulated in different ways. For example, 
the conidiospore germinates to produce a multi- 
nucleate hyphae where septation is suppressed for 
the first three rounds of nuclear division; there- 
after the cell and nuclear cycles are coupled. Fluf- 
fy colony, mutants, which produce large amounts 
of aerial hyphae that overgrow the colony, indicate 
that cell proliferation has to be downregulated to 
permit normal development. Many of the fluffy 
genes have been placed in a signal transduction 
pathway which activates the main developmental 
control genes, brlA and abaA, but the precise 
mechanism by which the fluffy genes alter cell cy- 
cle dynamics is not known. The developmental 
regulators, brlA and abaA, have profound effects 
on the cell cycle: they increase the coupling be- 
tween nuclear division and cell division such that 
each spore ends up with a single nucleus. In addi- 
tion, they are also responsible for altering the 
type of cytokinesis from septum formation (as in 
fission yeast) to budding. Ectopic expression of 
the brlA gene in hyphae, using alcA promoter re- 



placements, can radically alter the cell cycle: a cell 
which normally divides by means of a cross wall 
will divide by a process more akin to budding! 

There are a number of other indications that cell 
cycle regulation alters and perhaps becomes more 
stringent in the final stages of sporulation. While 
an extra copy of nimE can compensate for loss of 
nimT function during hyphal growth, it is insuffi- 
cient to allow sporulation. Nuclear positioning also 
seems to be more critical in the later stages of de- 
velopment, as a number of mutations which affect 
nuclear migration have relatively mild effects in 
the hyphae but strongly affect sporulation. These 
observations suggest that during hyphal growth 
when the coupling between cell and nuclear divi- 
sion is relatively loose, these defects can be toler- 
ated, but as the developmental process demands a 
tighter linkage the defect prevents further develop- 
ment. A major task for the future will be determin- 
ing how developmental processes impinge on the 
central cell cycle engine to mediate these changes. 
Although the essentials of the cell cycle are highly 
conserved across eukaryotes, it is only by studying 
a variety of different life forms that we will gain an 
appreciation of the flexibility that is built into the 
complex regulatory pathways that ensure that cells 
divide accurately and appropriately. 
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8 Flowering Plant Embryogenesis 

Casper Vroemen and Sacco de Vries 



8.1 

Introduction ^ 



Most of the structures of adult higher plants such 
as leaves, stems and roots but also the flowers 
and seeds are formed as a result of the activity of 
groups of proliferating cells, called meristems. 
Two primary meristems, the shoot apical meri- 
stem and the root meristem, form during embry- 
ogenesis, but later, secondary meristems can de- 
velop at specific locations from previously non- 
meristematic cells. This is a completely different 
mode of development compared to animals, 
where the body pattern is essentially complete 
after embryogenesis. The molecular mechanisms 
that plants employ to make meristems during em- 
bryogenesis and to regulate their activity is there- 
fore crucial for understanding the development of 
the entire plants’ structure. Complete new plant 
embryos can develop not only from the zygote, 
but also from other cells of the reproductive ap- 
paratus, including the gametes, and even from 
single adult somatic cells. One of the additional 
challenges that plant embryos offer as an experi- 
mental system therefore is to unravel the molecu- 
lar mechanisms that lead to the formation of a 
cell destined to form an embryo, regardless of its 
previous developmental history. The aim of this 
chapter is to summarize recent work on the 
mechanisms that plants use to make embryos 
with functional meristems. It appears that plants 
employ genes involved in signal transduction and 
specific transcription factors with similarity to 
those used in other developmental systems. 

Most of the molecular-genetic work on plant 
embryos is being done in the model plant Arabi- 
dopsis thaliana (wall cress). One of the reasons 
for this choice is that embryogenesis in the Arabi- 



dopsis embryo initially exhibits largely invariant 
and highly reproducible series of cell divisions. 
This allows the recognition of early defects and 
tracing of pattern elements back to their original 
founder cells. However, this regularity in early di- 
visions is found in only a minority of plant spe- 
cies. In other plant species, as well as in certain 
Arabidopsis mutants and embryos of non-zygotic 
origin, there are large variations in early divi- 
sions. Nevertheless, the resulting embryos have all 
the major pattern elements including the primary 
meristems correctly formed and positioned. The 
most important reason for choosing Arabidopsis 
as the model system for plant embryogenesis 
research is its excellent genetics, vast collections 
of embryo mutants and the ability to clone 
mutated genes with relative ease. In Arabidopsis, a 
self-fertilizer, recessive zygotic embryo mutations 
obtained after chemical (EMS), X-ray, or inser- 
tional (T-DNA or transposable element) mutagen- 
esis can easily be recognized by the presence of 
abberant embryos in one quarter of the seeds. 

8.2 

Pattern Formation, Cell Differentiation 
and Organ Development in the Plant Embryo^ 

Within the carpel of the flower, nucellar tissue de- 
velops into an ovule primordium. One of the in- 
ternal cells of this primordium forms a mega- 
spore mother cell that undergoes a meiotic and 
two mitotic divisions, resulting in the eight-celled 
female gametophyte or embryo sac that develops 
within the ovule. The most common type is the 
polygonum-type embryo sac (Fig. 1) with three 
antipodal cells at the chalazal pole, two synergids 
and one egg cell at the micropylar pole and one 
central cell with two polar nuclei in the center. In 
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Fig. 1. Schematic representation of an ovule, 
found in the flower's carpel, with polygo- 
num- type embryo sac. The orientation is 
such that the chalazal end is at the top and 
the micropylar end at the bottom of the 
drawing 



Arabidopsis^ the three antipodal cells degenerate. 
Sexual reproduction is initiated when pollen is 
transferred from an anther to the stigma. The 
pollen tube descends into the carpel and enters 
the ovule at one end through the micropyle. In 
Arabidopsis this occurs in a closed flower. Double 
fertiliEation of the egg cell and central cell by two 
pollen sperm cells lead to the diploid zygotic em- 
bryo and the triploid endosperm respectively. At 
this stage, the ovule with surrounding cell layers 
is referred to further as immature seed. Seed de- 
velopment is complete when the mature seed, in- 
cluding the embryo and endosperm, becomes des- 
sicated and ready for dispersal. 

In ArabidopsiSj the zygote expands in a longitu- 
dinal direction and undergoes an asymmetric di- 
vision resulting in an apical and a basal cell. The 
basal cell produces the suspensor and also con- 
tributes to the root meristem of the embryo, 
while all other parts of the embryo form from the 
apical cell (Fig. 2). The plant embryo consists of a 
number of elements along the apical-basal (or 
longitudinal) and the radial (or outside-to-inside) 
axes (Fig, 2). Along the apical-basal axis, the body 
pattern of dicot embryos (developing two em- 
bryonic leaves or cotyledons, in contrast to mono- 
cots that make one) includes the shoot apical 
meristem, cotyledons, hypocotyl (embryonic 
stem), and the radicle (embryonic root) with the 



root cap and primary root meristem (RM). Along 
the radial axis, tissue types arranged concentri- 
cally from outside to inside are the epidermis, 
ground tissue (cortex and endodermis), and 
central vascular system (pericycle, xylem and 
phloem). The complete embryo body pattern is 
an integration of the apical-basal and radial pat- 
terns, 

8 , 2,1 

The Apical-Basal Pattern^ 

The zygote has an apical-basal polarity aligned 
with the chalazal-micropylar axis of the embryo 
sac (Fig. 1). After the first, unequal transversal di- 
vision (Fig, 2 A), the basal cell divides by further 
transversal divisions and finally gives rise to a 
suspensor, a cell file of seven to nine highly va- 
cuolated cells that anchors the embryo to the sur- 
rounding maternal tissue (Figs. 2B-E, 3 A-E). The 
hypophyseal cell is the uppermost cell of the sus- 
pensor (Figs, 2 B-E, 3 A-E), and gives rise to the 
central (columella) root cap and the quiescent 
center of the embryonic root meristem. 

The apical daughter cell of the zygote under- 
goes two longitudinal divisions at right angles, 
followed by one transversal division. The latter 
plane of division divides the eight celled embryo 
proper (octant stage) into an upper and a lower 
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Fig. 2A-F. Pattern formation in the Arabidopsis embryo. 
The drawing shows different sta^e embryos developing 
within immature seeds on an Arabidopsis plant (A through 
E), and a seedling derived from the embryo after germina- 
tion of the seed (F). A Two-cell stage. Asymmetric division 
of the zygote has yielded a small apical cell (flc)^ represent- 
ing the one-celled embryo proper, and a larger basal cell 
(be). B Octant- stage embryo. The apical cell has generated 
an embryo proper consisting of four upper tier (uf; grey) 
and four lower tier {It; light grey) cells. The basal cell has 
given rise to the hypophyseal cell (hy; dark grey) and the 
suspensor (su; white). C Dermatoeen-stage embryo. Peri- 
clinal divisions have generated eight protoderm and eight 
inner cells. D Globular- stage embryo. The inner cells of the 
lower tier have divided peridinally to yield ground tissue 
and vascular tissue. The hypophyseal cell has set off a lens- 
shaped cell that will give rise to the quiescent center (QC). 



The lower hypophyseal cell derivative will develop into the 
central root cap (crc). E Heart- stage embryo. The apical 
domain, derived from the upper tier, has been partitioned 
into cotyledon (cof) primordia and shoot apical meristem. 
The central domain, derived from the lower tier, has been 
subdivided conceptually into the upper-lower (uU) and low- 
er-lower {lit) tiers. F Seedling. The shoot meristem and the 
largest part of the cotyledons are derived from the upper 
tier. The upper- lower tier has contributed to the cotyledon 
shoulders (cof shoulder)^ while the lower-lower tier has 
formed the hypocotyl {kc)y root (rf) and initials of the root 
meristem. The quiescent center and the central root cap are 
descendants of the hypophyseal cell. Corresponding regions 
along the apical -basal axis of the developing embryo and 
seedling have corresponding grey scales. Tissue types along 
the radial axis are indicated by different fill patterns. Indi- 
vidual cells are shown in A to C and cell groups in D to F 




Fig. 3A-F. Arabidopsis embryogenesis. Differential interfer- 
ence contrast microscopic images of embryos developing 
within immature seeds on an Arabidopsis plant (A through 
E), and light microscopic image of a seedling derived from 
the embryo after seed germination (F). Developmental 
stages and orientation of suspensor relative to embryo in A 



through F correspond to those in Fig. 2 A through 2F 
A One-celled embryo proper. The suspensor already con- 
sists of approximately four cells. B Octant-stage embryo. 
C Derm atogen- stage embryo. D Globular- stage embryo. 
E Heart-stage embryo. F Seedling. Scale of F is different 
from scale of A through E 



tier (Figs. 2B, 3B). The shoot apical meristem and 
the main parts of the cotyledons are formed from 
the upper tier> while the lower tier contributes to 
the cotyledon shoulder, the hypocotyl, and part of 
the radicle {Figs. 2C-F, 3C-F). As the octant em- 
bryo develops into a globular embryo of approxi- 



mately 64 cells (Figs. 2C,D, 3C,D), the lower tier 
produces cell files oriented along the apical-basal 
axis, while most cells of the upper tier divide in 
more or less random orientations. 

During the transition from the globular to the 
heart stage {Figs. 2 E, 3 E), cotyledon primordia 
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form at the apical side of the embryo. At the 
heart stage the hypocotyl region becomes visible 
due to cell elongation in the lower tier (Fig. 2E), 
and the root meristem initials emerge as the most 
basal cells in the lower tier. With cotyledons, hy- 
pocotyl and radicle, the body plan of the future 
seedling (Figs. 2F, 3F) is now essentially complete. 
The subsequent torpedo stage embryo is a result 
of cell elongation and expansion rather then of 
division. For the first time, the shoot meristem 
can now be distinguished morphologically at the 
base of the cotyledons. The shoot meristem there- 
fore seems to appear only after the root meristem 
is nearly fully formed. 

8.2.2 

The Orientation of the Apical-Basal Embryo Axis 
Is not Fixed Before Fertilization, and May Be 
Influenced by Surrounding Maternal Tissue^ 

In Arabidopsis, the basal end of the embryo is al- 
ways oriented towards the micropylar end of the 
surrounding embryo sac. From several observa- 
tions it becomes clear that this fixed orientation 
is not likely to be instrumental in setting up em- 
bryo polarity. Egg cells of certain plant species 
are apolar, or their polarity can be reversed upon 
fertilization, suggesting that the polarity of the 
embryo is not derived from a stable axis of polar- 
ity within the unfertilized egg. Maize zygotes 
formed by in vitro fusion of isolated egg and 
sperm cells acquire normal polarity and even un- 
dergo an asymmetric division in the complete ab- 
sence of surrounding maternal tissue. 

Analysis of Arabidopsis gnom/emb30 (gn) mu- 
tants suggests that the apical-basal embryo axis is 
not yet fixed before fertilization, and may be 
completely stabilized only later in embryo devel- 
opment. The asymmetric division of the zygote is 
affected in gnomlembSO embryos, resulting in an 
enlarged apical cell at the expense of the basal 
cell. The LIPID TRANSFER PROTEIN (ATLTPl) 
gene, whose expression is normally restricted to 
the apical end of later stage embryos, and the PO- 
LARIS gene, that is normally only expressed in 
the root pole, can display variable or even com- 
pletely reversed expression in gnomlemb30 em- 
bryos. Since the GNOM/EMB30 gene is not re- 
quired before fertilization, these results indicate 



that apical-basal embryo polarity is reversible 
after fertilization, and thus not yet fixed in the 
egg cell. The GNOM protein shows sequence simi- 
larity to yeast guanine-nucleotide exchange fac- 
tors involved in vesicle transport. This raises the 
possibility that directional vesicle transport is in- 
volved in stabilizing the apical-basal axis of the 
embryo, which would be in line with the pro- 
posed axis stabilization mechanism in the brown 
algae Fucus. 

8.2.3 

The Establishment of the Apical-Basal Pattern 
Proceeds in Steps and May Require Signalling 
Between Early Embryonic Regions^ 

Following classical models developed in animal 
systems, the formation of pattern elements along 
the apical-basal axis is viewed as a series of first 
global and later increasingly more spatially re- 
stricted events. Not all apical-basal pattern ele- 
ments form simultaneously, with the hypocotyl as 
one of the first and the shoot apical meristem as 
one of the last elements established. Most pattern 
elements do not originate precisely from a single 
cell tier in the octant stage embryo. For example, 
the cotyledons are derived partly from the upper, 
and partly from the lower tier of the octant stage 
embryo, while the root meristem is composed of 
descendants from both the lower tier and the hy- 
pophyseal cell (Fig. 2). This led to a screen for 
mutants in which one or several pattern elements 
such as cotyledons, are deleted. This screen could 
be carried out on seedlings, thus avoiding the 
need to dissect immature seeds manually. Tracing 
back the first visible deviations from wild-type 
pattern then served to help classify not only the 
mutant phenotype, but also the precise origin of 
the pattern element. Several mutants were found 
that would qualify as pattern element deletion 
mutants. We will focus here on the monopteros 
{mp) mutant. The MP gene encodes a transcrip- 
tion factor previously identified as a regulator of 
an early auxin-induced gene. 

Mutations in the MONOPTEROS (MP) gene re- 
sult in a deletion of the entire root and hypocotyl 
in the embryo and seedling. The earliest deviation 
of mp embryos from the wild-type is observed at 
the octant stage. The mp embryo proper consists 
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of four, rather than two tiers of cells. Subse- 
quently, cells in the position of the lower tier and 
hypophyseal cell divide abnormally. The inner 
cells of the central domain fail to produce elon- 
gated cell files, that normally make up the vascu- 
lar tissue of the hypocotyl and root. At the same 
time, the basal cell - which would normally be- 
come the hypophyseal cell - divides like a suspen- 
sor cell to generate a central pile of cells continu- 
ous with the suspensor. One interpretation of this 
phenotype is that the uppermost suspensor cell of 
the wild-type becomes the hypophyseal cell only 
after signalling from the lower tier cells. In this 
interpretation, the failure of the basal cell of mp 
to adopt hypophyseal cell characteristics would be 
caused by the defect in the lower tier. An alterna- 
tive view is that the MP product could be re- 
quired in both the lower tier and the hypophyseal 
cell. The presence or absence of MP expression in 
the hypophyseal cell (see below) could provide 
clues on which of the two views should be fa- 
vored. Mature mp plants exhibit insufficiently in- 
terconnected vascular strands in all organs, and 
also have strongly reduced directional auxin 
transport. These observations led to the hypoth- 
esis that the MP gene is primarily involved in the 
auxin-mediated formation of continuous vascular 
cell files. MP is expressed in most or all subepi- 
dermal cells of the globular embryo, and becomes 
gradually confined towards the sites of vascular 
differentiation during further embryonic and 
post-embryonic development. Thus, basal em- 
bryonic patterning may depend on correct vascu- 
lar differentiation, or both of these processes may 
be governed by common apical-basal signalling. 

8.2.4 

The Radial Pattern^ 

Periclinal divisions (perpendicular to the radial 
axis) of all upper and lower tier cells in the octant 
stage embryo (Figs. 2 B, 3 B) lead to the dermato- 
gen stage (Figs. 2 C, 3 C). The formation of the 
protoderm, the outer cell layer of epidermal pre- 
cursor cells, and the appearance of an inner cell 
group is the first visible sign of radial pattern for- 
mation. The protoderm is maintained by contin- 
ued anticlinal (circumferential, perpendicular to 



the surface) divisions and develops into the epi- 
dermis of the entire embryo. The inner cells 
divide again and contribute in the lower tier to 
the procambium, the innermost vascular tissue, 
and to the parenchymal ground tissue. Three 
concentric tissue layers are thus established that 
make up the three radial pattern elements of the 
embryo. In this form, the radial pattern is estab- 
lished when the embryo reaches the globular 
stage. At the late-globular stage, the procambium 
cells enter in periclinal divisions to generate the 
pericycle, a cell layer surrounding the vascular 
bundle, and the innermost vascular bundle. The 
ground tissue of the upper part of the lower tier 
forms an additional layer of ground tissue cells 
characteristic of the hypocotyl region. In the 
lower part of the lower tier, only one ground 
tissue layer is maintained, characteristic of the 
radicle. 

During the heart stage, the ground tissue of 
the hypocotyl and radicle splits into an inner 
layer of endodermis and an outer layer of cortex 
cells. The progenitor cells of the epidermis, cor- 
tex-endodermis, and vascular tissue thus become 
clonally distinct by the early globular stage of em- 
bryogenesis. At the late heart stage all tissue 
layers, from outside to inside the protoderm, one 
(in the radicle) or two (in the hypocotyl) cortex 
layers, the endodermis, pericycle, and vascular 
bundle, have been established. 



8.2.5 

The Establishment of the Preliminary Radial Pattern 
Proceeds from Outside to Inside and Requires 
the Proper Separation of Tissue Layers^ 

Like the components of the apical-basal pattern, 
the different tissue types that make up the radial 
pattern of the embryo are established sequentially. 
When the eight cells of the octant-stage embryo 
divide, they produce eight protoderm cells overly- 
ing eight inner cells. At this separation into two 
layers, expression of the ATMLl gene, encoding a 
homeodomain-containing putative transcriptional 
activator, becomes restricted to the protoderm. 
This suggests that epidermal cell fate, as reflected 
by ATMLl expression, is already established in 
the apical daughter cell of the zygote. 
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Soon after inner cells are separated from proto- 
dermal cells, the latter start to express the ARABI- 
DOPSIS THALIANA LIPID TRANSFER PROTEINl 
(ATLTPl) gene. In knolle mutants incomplete cell 
walls are formed, and the radial organization of 
the embryo is not established properly. In early 
kn embryos, inner cells cannot be distinguished 
from the protodermal layer, and ATLTPl is ex- 
pressed in all cells. Apparently, the establishment 
and stable maintenance of cell fates along the ra- 
dial axis requires proper separation of tissue 
layers. The finding that fluorescent dye spreads 
within the hypocotyl epidermis of Arabidopsis 
seedlings, but not into the underlying ground tis- 
sue, demonstrates that the two layers are nor- 
mally cytoplasmically isolated. In kn embryos, in- 
complete cell wall formation results in cytoplas- 
mic connections between the outer and inner cell 
layers, which could prevent the proper segregation 
of different cell fates. The KN gene is expressed in 
a patchy pattern of cells throughout the embryo 
from the octant stage onward, and encodes a syn- 
taxin-like protein. Syntaxins are involved in vesi- 
cle trafficking during cell plate formation, a find- 
ing which explains the observed incomplete cell 
walls of kn embryos. 

8.2.6 

The Elaboration of the Preliminary Radial Pattern 
Requires Fate-Specifying and Cell Division Genes ^ 

Several mutations in the radial pattern of the later 
stage embryo have been described. In shortroot 
(shr) and scarecrow (scr) mutants, the single 
ground tissue layer does not segregate into sepa- 
rate cortex and endodermis layers, shr embryos 
have a cortex layer, but no endodermis, while the 
single cell layer left in the position of the ground 
tissue in scr embryos has both cortex and endo- 
dermis traits. Both mutant phenotypes become 
apparent at the heart stage. 

The question to be answered was whether the 
absence of specific cell layers in shr and scr is 
caused by defective cell fate specification in the 
ground tissue, or by a defect in the periclinal di- 
visions necessary to generate two separate cell 
layers. To distinguish between these possibilities, 
double mutants were made with the fass mutant. 
fass mutant embryos display an irregular se- 



quence of cell divisions in the early embryo re- 
sulting in an increased number of ground tissue 
cell layers, shr fass double mutants also have more 
ground tissue layers, but none of these display en- 
dodermis characteristics, suggesting that SHR in- 
deed specifies endodermal cell fate. By contrast, 
scr fass double mutants have one endodermal 
layer surrounded by multiple cortical layers. 
Thus, SCR is required for the periclinal divisions 
of the ground tissue that separate cortex and en- 
dodermis, rather than for the specification of en- 
dodermal cell fate. The SCR gene encodes a puta- 
tive transcriptional regulator, and is expressed in 
the ground tissue from the late heart stage on- 
ward. 

Mutations in another gene that appears to af- 
fect radial patterning in the root, WOODEN LEG 
(WOL), result in a reduction of the number of 
vascular cells. Normally, vascular cells differenti- 
ate into two types of vessels, namely xylem and 
phloem, late during embryogenesis. In wol mutant 
embryos, all vascular cells differentiate into xylem 
vessels, and no phloem is apparent. An increased 
number of vascular cells in the wol fass double 
mutant restores phloem specification. This im- 
plies that WOLy like SCRy affects formative cell di- 
visions rather then specifying cell fate. 

The scr and wol phenotypes suggest that the 
available number of cells or cell layers is critical 
for the establishment of specific cell fates. The 
formation of xylem in wol mutants may “use up” 
all the locally available cells, and as a result no 
phloem is formed. This also leads to the conclu- 
sion that xylem is normally specified before 
phloem. Such a first-come, first-served mecha- 
nism has also been suggested for the sequential 
allocation of cells to floral organ primordia. It is 
noteworthy that the radial pattern mutations de- 
scribed here display the same defects in postem- 
bryonically formed lateral roots. This suggests 
that mechanisms of pattern formation in the em- 
bryo are also used later when new organs develop 
from diferentiated somatic cells. 

8.2.7 

The Shoot Apical Meristem^ 

The shoot apical meristem originates entirely 
from the upper tier (see Fig. 2), and becomes 
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morphologically recognizable as a small group of 
cells rich in cytoplasm between the bases of the 
cotyledons in the torpedo stage Ambidopsis em- 
bryo* The genetic and molecular data available on 
shoot meristem initiation and function show that 
a controlled balance between cell division and cell 
proliferation is required to maintain a functional 
shoot apical meristem* The embryonic shoot api- 
cal meristem seems to be established in at least 
two phases* First, cells in the upper tier desen- 
dants of the globular embryo become specified 
towards meristem fate and initiate expression of 
specific genes such as SHOOT MERISTEMLESS, 
Second, a functional meristem is formed through 
partitioning of the shoot apical meristem primor- 
dium into a central zone harboring undifferen- 
tiated cells, and peripheral and rib zones in which 
cells differentiate into organ primordia* It is thus 
far unknown whether the genes controlling this 
partitioning primarily regulate cell division, cell 
differentiation, or both* 

The shoot apical meristem is organized in 
three cell layers, LI, L2 and L3 {Fig* 4)* The outer- 
most LI layer derives from the embryo protoderm 
cells that originate from the upper tier in the 
octant stage embryo* The L2 and innermost L3 
layers derive from sub epidermal cells located in 
the center of the apical region of the embryo. 
Strictly anticlinal divisions in LI and L2 form two 
clonally distinct tunica layers, whereas the cells in 
L3 divide in various orientations to form the cor- 
pus* 

Superimposed on the three horizontal cell 
layers, the shoot apical meristem can be divided 
conceptually into three zones, the central zone, 
peripheral zone, and rib zone (Fig* 4)* The central 
zone consists of undifferentiated stem cells at the 
very center of the meristem. These produce 
daughter cells that adopt specific developmental 
fates as they enter the surrounding peripheral 
zone, or the underlying rib zone. In the peripher- 
al zone, cells are incorporated into organ primor- 
dia, the first being two leaf primordia ^at are 
established along a plane perpendicular to the 
one of the cotyledons before the embryo reaches 
maturity (Fig. 4)* Cells in the rib zone contribute 
postembryonically to the vascular tissue and in- 
ternal stem structures* 




Fig. 4* Schematic representation of the shoot apical meri- 
stem* The LI and L2 tunica layers overlie the L3 corpus* 
The zo nation of the shoot meristem includes a central zone 
(CZ) of undifferentiated stem cells, a peripheral zone (PZ) 
in which cells are incorporated into organ primordia, and a 
rib zone (J?Z) that contributes to vascular tissue and interi- 
or stem structures. On each side of the meristem, a leaf 
primordium (ip) is indicated. The leaf primordia are 
formed late during Arabidopsis embryogenesis perpendicu- 
lar to the cotyledons (not indicated) 



8 . 2.8 

Genes Involved in the Establishment and Partitioning 
of the Shoot Apical Meristem^ 

Several mutations that affect the formation of the 
shoot apical meristem have been described. Their 
phenotypes suggest that they are involved in con- 
trolling the number of undifferentiated versus dif- 
ferentiated cells in the meristem. The SHOOT 
MERISTEMLESS (5TM) gene appears critical for 
establishing the shoot apical meristem, since stm 
null mutations entirely eliminate the shoot meri- 
stem in embryos and seedlings. The mutational de- 
fect becomes first visibly apparent in torpedo em- 
bryos* During embryogenesis STM activity is re- 
quired to maintain a pool of undifferentiated cells 
in the center of the shoot apical meristem* STM 
encodes a putative homeodomain transcription 
factor of the KNOTTED class, and is first ex- 
pressed in one or two cells in the upper tier de- 
scendants of the globular embryo, long before the 
visible presence of the meristem and the aberrant 
meristem morphology in stm mutant embryos, 
STM expression expands to include the entire em- 
bryonic shoot apical meristem, and during post- 
embryonic development, the central region of all 
shoot and floral meristems. Ectopic expression of 
the maize homologue of STM, KNOTTED 1 is suf- 
ficient to induce ectopic shoot meristems on seed- 
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ling leaves, emphasizing the key role that these 
transcription factors play in meristem formation. 

A phenotype opposite to that of stm mutants is 
found in the clavata {civ) mutants, that have an 
enlarged shoot apical meristem caused by accu- 
mulation of excessive numbers of undifferentiated 
cells in the central zone. The civ phenotype also 
becomes morphologically visible in the torpedo 
embryo. There are two possible models for the ac- 
tion of the CLV and STM genes. First, CLV genes 
may promote differentiation, and thus the transi- 
tion of cells from the central zone into the periph- 
eral zone. Second, CLV genes may restrict the rate 
of cell division in the central zone, and thus its 
size. In these models, STM would either limit dif- 
ferentiation, or promote cell division in the cen- 
tral zone. The CLVl gene encodes a leucine-rich 
repeat transmembrane receptor kinase, and is ex- 
pressed in the L3 layer of the meristem center, 
but in a region larger then the central zone. CLVl 
may perceive positional information directed to 
cells expressing the receptor, civ and stm mutants 
can dominantly suppress each others’ phenotypes, 
indicating that CLV and STM play opposite and 
possibly competitive roles in the regulation of 
meristem activity and size. 

A gene with a role in the specification of cell 
identity in the meristem center is ZWILLE (ZLL). 
zll embryos and seedlings have a non-functional 
shoot meristem, with cells that are larger and 
more vacuolated then wild-type shoot meristem 
cells. The STM gene is downregulated in the zll 
meristem center of torpedo stage embryos, sug- 
gesting that most cells in the central zone of the 
zll meristem have initiated differentiation, and in 
effect have used up the available undifferentiated 
cells. In zll mutants, STM expression is normal 
during early embryonic stages and during post- 
embryonic development, while secondary or ad- 
ventitious shoots can be readily initiated in zll 
mutants. This suggests that ZLL is only required 
to maintain meristematic cell fate in the central 
zone of the embryonic shoot apical meristem and 
that ZLL is not required for meristem initiation. 
The ZLL gene encodes a protein with an un- 
known function, and is expressed in the meristem 
center of mature embryos. Surprisingly, ZLL ex- 
pression was also observed in vascular cells of 
globular embryos, long before a morphological 



defect became apparent. The significance of this 
early ZLL expression pattern in vascular cells is 
unclear. 

8.2.9 

The Root Meristem 

The root meristem (RM) is derived from two 
clonally distinct regions of the early embryo, 
namely the lower tier and the hypophyseal cell, 
and arises through a highly invariant sequence of 
cell divisions. The primary root meristem in the 
Arabidopsis embryo consists of two tiers of initial 
cells surrounding a group of four mitotically inac- 
tive cells, the quiescent center (see also Chap. 9, 
this VoL). The quiescent center and the central 
root cap arise from the hypophyseal cell (Fig. 2). 
The hypophyseal cell sets off a lens-shaped cell 
during the globular stage (Figs. 2D, 3D). The de- 
scendants of this cell will form the quiescent cen- 
ter, while the lower hypophyseal cell derivative 
develops into the central root cap. 

The initials above the quiescent center come 
from the lower tier and display essentially the 
same radial organisation as the radicle: at the early 
heart stage, one layer each of epidermis, ground tis- 
sue, and pericycle surround a core of vascular pre- 
cursor cells. At the late heart stage, the lowermost 
epidermal cell divides periclinally, giving rise to 
the lateral root cap initial and the epidermal ini- 
tial. Further periclinal divisions of the lateral root 
cap initial produce additional layers of lateral root 
cap cells. Periclinal divisions in the daughters of 
the ground tissue initial give rise to the cortex 
and endodermis, turning the ground tissue initial 
into a cortex-endodermis initial. 

Mutants of the hypophyseal cell group such as 
hobbit (hbt) do not make functional root meri- 
stems and are first recognized by the aberrant de- 
velopment of the hypophyseal cell. This suggests 
that the correct specification of this cell is essen- 
tial for root meristem formation. The hbt defect 
becomes first apparent at the four-celled embryo 
stage, where atypical divisions occur in the 
uppermost suspensor cell, that normally forms 
the hypophyseal cell. Subsequently, the quiescent 
center and the central root cap cells do not form. 
Furthermore, divisions of the lower tier cells 
above the position where the quiescent center 
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would be in wild-type are strongly reduced or ab- 
sent, and also lateral root cap formation is dis- 
turbed. These defects are explained by assuming 
that the HBT gene specifies the hypophyseal cell, 
of which the descendants such as the quiescent 
center induce the adjacent lower tier cells to form 
root meristem initials (see Chap. 9, this Vol. for 
further details on the development of the root 
meristem). 



8.3 

The Hormone Auxin Seems Involved in Pattern 
and Organ Formation 

Several studies of mutant phenotypes and the 
identification of genes involved in signal trans- 
duction pathways pointed to the importance of 
cell-cell signalling in plant embryo development, 
but sofar no insight into the nature of these sig- 
nals was obtained. Only the Arabidopsis MONO- 
PTEROS protein (see Sect. 8.2.3), offers indirect 
evidence that the plant hormone indole 3-acetic 
acid (lAA), an auxin, is a candidate for a signal- 
ling molecule in embryo pattern formation. 

Experiments employing in vitro culturing of 
excised immature zygotic embryos have directly 
addressed the question whether auxin gradients 
are instrumental in apical-basal pattern forma- 
tion. Inhibition of directional auxin transport in 
in vitro-cultured globular zygotic embryos of In- 
dian mustard (Brassica juncea), by 2,3,5-triiodo- 
benzoic acid (TIBA), induces fused and collar- 
like, rather than separate cotyledons at the apical 
end of the embryo. In some embryos, more 
extreme abnormalities were observed, such as a 
complete duplication of the embryo axis, resulting 
in twinned embryos. Upon exposure of early glob- 
ular embryos to appropriate concentrations of 
lAA, ball- or egg-shaped embryos were formed 
that showed some normal cell differentiation and 
greening in the hypocotyl region, but no develop- 
ment of the shoot apical meristem. In in vitro-cul- 
tured globular wheat zygotic embryos, the addi- 
tion of TIBA influenced the position and develop- 
ment of the shoot meristem, and prevented root 
meristem formation. These effects of hormones 
or their inhibitors on cultured embryos led to a 
model proposing that non-homogenous distribu- 



tion of auxin in the globular embryo is instru- 
mental in mediating the transition between radial 
symmetry (as in the globular embryo) to bilateral 
symmetry (as in the transition stage embryo), 
and finally leading to shoot meristem formation. 

Intracellular levels of lAA in embryos have 
been measured, but auxin gradients have not 
been determined so far in immature embryos. 
It is likely that such gradients are already 
established in the preglobular embryo, where they 
may anticipate the appearence of some of the api- 
cal-basal pattern elements. Indeed, embryos 
treated with auxin or auxin transport inhibitors 
phenocopy certain Arabidopsis zygotic embryo 
mutants. 



8.4 

The Initiation and Early Division Pattern 
of Plant Embryogenesis Are Flexible^^ 

In plants, single cells other than the zygote are 
able to enter the embryogenic pathway. It is be- 
lieved that mechanisms of non-zygotic embryo 
initiation and pattern formation are essentially 
those used in the zygotic embryo, but formal 
proof for this assumption is lacking. A compari- 
son between zygotic and non-zygotic embryos of 
the same plant species reveals significant differ- 
ences in cell division patterns, especially in the 
early stages. For instance, microspores of rape 
seed can enter embryogenesis instead of develop- 
ing into mature pollen. This process can be in- 
duced by applying heat shock to isolated unicellu- 
lar microspores, and results in fully fertile plants 
obtained through an embryo pathway. While zy- 
gotic embryogenesis in rape seed follows the 
highly regular cell division pattern described for 
Arabidopsis, early divisions in embryogenic mi- 
crospores are random. The resulting multicellular 
structure developing inside the pollen coat repre- 
sents the early microspore embryo with no mor- 
phologically discernible polarity. After rupture of 
the pollen coat and release of the multicellular 
structure into the culture medium, starch gran- 
ules disappear at the “broken side” (the future 
apical pole) and persist at the opposite side (the 
future root pole). This suggests that the multicel- 
lular structure receives clues for polarity acquisi- 
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Fig. 5, Luciferase expression under control of carrot 
regulatory elements correlates with embryogenic compe- 
tence of single cells or small cell clusters* Luciferase activ- 
ity of immobilized cells from an embryogenic carrot cell 
culture was recorded by luminometry at day 1 (pixel in left 



tion and self-organizes into a globular embryo. 
No typical hypophyseal cell is observed in these 
embryos, though this cell is considered to play a 
crucial role in the formation of the root meristem 
in zygotic embryogenesis. Based on these observa- 
tions, it is apparently possible to delay fixation of 
the apical-basal axis until a multicellular stage is 
reached. Moreoverj the essential functions attrib- 
uted to, e.g., the hypophyseal ceil are either not 
common to all types of plant embryogenesis, or 
can be taken over by other cells. 

Comparing early stages of zygotic and somatic 
embryo development in carrot and alfalfa con- 
firmed that the early divisions in somatic em- 
bryos are less regular than those in their zygotic 
counterparts. In Arabidopsis somatic embryos, the 
number of cell files and the number of cells per 
file are higher and more variable then in zygotic 
embryos. By contrast, zygotic embryos of plants 
derived from these somatic embryos again display 
the regularity of the zygotic Arabidopsis embryo. 
This indicates that the variability in cell numbers 
is due to the in vitro conditions and emphasizes 
that regular divisions are not instrumental in 
making plant embryos, 

8.5 

Genes Controlling the Initiation 
of Somatic Embryos 

The most striking example of flexibility in the ini- 
tiation of plant embryogenesis is still found in 




day 6 day 9 day 13 

picture) i and subsequently the development of cells was re- 
corded by video cell-tracking for a period of 13 days. The 
cell expressing SERK at day 1 develops into a somatic em- 
bryo 



carrot cell suspensions, in which single cells de- 
velop into an embryo in completely synthetic me- 
dia, In such cells, the SOMATIC EMBRYO RECEP- 
TOR-LIKE KINASE (SEiiJC) gene is expressed, as 
monitored by SERK promoter driven luciferase 
expression {Fig. 5). The S£i?iC gene is expressed 
during the few first cell divisions in the develop- 
ing embryo and is turned off at the globular 
stage. It encodes a leucine-rich repeat transmem- 
brane receptor kinase with some resemblance to 
the Arabidopsis CLVl and the Drosophila Toll and 
Pelle proteins. The SERK protein may transduce a 
signal instrumental in conferring an “embryo 
fate” to plant cells. 

The establishment of a somatic embryogenesis 
system in Arabidopsis^ starting from immature zy- 
gotic embryos, allows the application of the mo- 
lecular and genetic approaches used in the analy- 
sis of zygotic embryogenesis to embryogenesis io 
cell culture. Under these conditions, embryogenic 
cells or cell clusters arise from the shoot meri- 
stem, Cell lines with a much higher embryogenic 
capacity were obtained from recessive mutants 
such as primordia timing- 1 and clavata. These 
mutants were originally identified in genetic 
screens for shoot meristem formation and altered 
flowering, respectively. Their most evident em- 
bryo and seedling phenotype is a shoot meristem 
with a higher than normal number of dividing 
cells (see also Sect. 8.2.8). The enhanced somatic 
embryogenesis phenotype in these mutants may 
be directly correlated with the larger number of 
cycling shoot meristem cells. 
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8.6 

Outlook 

It is evident that considerable progress is made 
towards understanding the initiation and mainte- 
nance of various embryonic cell types, tissues and 
organs, especially the shoot apical meristem. Sev- 
eral of the genes that have been cloned so far ap- 
pear to be plant homologues of genes identified 
in other systems as important regulators of pat- 
terning and differentiation. However, given the 
different strategies plants must have evolved to 
ensure both flexibility and predictability in mor- 
phology, such regulators may in plants be used in 
slightly different ways. 

Due to the inherent flexibility in plant embryo- 
genesis, an unsolved problem is how to overcome 
the difficulties in recognizing patterning mutants 
based on morphology. Suitable molecular markers 
are necessary to determine cell - or regional - 
identity in embryo mutants with phenotypes that 
are difficult to interpret. Enhancer and gene trap 
insertional mutagenesis screens may provide a so- 
lution for this problem, as they have recently 
yielded collections of cell- and tissue-specific 
markers in Arabidopsis embryos. 

The discovery that interference with directional 
auxin transport and thus endogenous auxin distri- 
bution creates embryo phenotypes reminiscent of 
genetically defined phenotypes appears to con- 
firm the idea that the classical plant growth regu- 
lator auxin is a key molecule in embryo pattern 
formation. 

The study of in vitro embryogenesis could pro- 
vide clues on subjects such as the origin of polar- 
ity in seemingly unorganized clusters of embryo- 
genic cells, that develop outside of the normal 
context of the seed. Moreover, these systems 
should be amenable to sophisticated ways of ex- 
perimental manipulation, such as cell ablation 
and in vitro complementation. Finally, the possi- 
bility of in vitro embryogenesis in Arabidopsis 
should lead to the application of molecular-genet- 
ic approaches to identify genes that control the 
transition of a somatic cell into an embryogenic 
cell. While this is a challenge in itself, in can also 
be important for unravelling processes in early 
zygotic embryogenesis. 



8.7 

Summary 

Mutant screens have identified some genes that 
are required for pattern formation in the Arabi- 
dopsis embryo. These genes provide some concep- 
tual insight into plant embryo development. It ap- 
pears that the acquisition of different cell fates 
during the establishment of the apical-basal em- 
bryo pattern is initially dependent on segregation 
through specific and unequal divisions. Mutations 
in genes such as KNOLLE and GNOMy that affect 
the initial divisions of the embryo, create severe 
embryonic phenotypes supporting this notion. Es- 
tablishment of the different pattern elements 
along the apical-basal axis appears to require ela- 
borate communication between early embryonic 
regions. Genes identified as acting in these pro- 
cesses either directly confer regional identity, or 
have a secondary effect on regional identity. Posi- 
tional information mediated through cell-cell 
communication also appears of importance in 
making plant embryos. 

The observation that the complete embryo pat- 
tern can be established in vitro without the precise 
sequence of oriented cell divisions characteristic of 
the zygotic Arabidopsis embryo also underscores 
the importance of positional information for the es- 
tablishment of cell fates and pattern. This implies 
the existence of a flexible mechanism, independent 
of precise cell numbers and cell division patterns, 
to establish pattern. Directional auxin transport 
and unequal auxin distribution may be involved 
in such a mechanism of embryo pattern formation 
or organ differentiation. 

References 

^ Laux T, Jurgens G (1997) Embryogenesis: a new start in 
life. Plant Cell 9:989-1000 

Steeves TA, Sussex IM (1989) Patterns in plant develop- 
ment. Cambridge University Press, Cambridge, UK 
^ Drews GN, Lee D, Christensen CA (1998) Genetic analy- 
sis of female gametophyte development and function. 
Plant Cell 10:5-17 

Jurgens G, Ruiz RAT, Berleth T (1994) Embryonic pat- 
tern formation in flowering plants. Annu Rev Genet 
28:351— 371 

^ Mansfield SG, Briarty LG (1991) Early embryogenesis in 
Arabidopsis thaliana. II. The developing embryo. Can J 
Bot 69:461-476 




132 C. Vroemen and S. de Vries: 8 Flowering Plant Embryogenesis 



^ Mayer U, Jurgens G (1998) Pattern formation in plant 
embryogenesis: a reassessment. Semin Cell Dev Biol 
9:187-193 

Mayer U, Torres-Ruiz RA, Berleth T, Misra S, Jurgens G 
(1991) Mutations affecting body organization in the 
Arabidopsis embryo. Nature 353:402-407 
Topping JF, Lindsey K (1997) Promoter trap markers dif- 
ferentiate structural and positional components of po- 
lar development in Arabidopsis. Plant Cell 9:1713-1725 
Vroemen CW, Langeveld S, Mayer U, Ripper G, Jurgens 
G, Van Kammen A, De Vries SC (1996) Pattern forma- 
tion in the Arabidopsis embryo revealed by position- 
specific lipid transfer protein gene expression. Plant 
Cell 8:783-791 

^ Hardtke CS, Berleth T (1998) The Arabidopsis gene 
MONOPTEROS encodes a transcription factor mediat- 
ing embryo axis formation and vascular development. 
EMBO J 17:1405-1411 

^ Scheres B, Dilaurenzio L, Willemsen V, Hauser MT, Jan- 
maat K, Weisbeek P, Benfey PN (1995) Mutations af- 
fecting the radial organisation of the Arabidopsis root 
display specific defects throughout the embryonic axis. 
Development 121:53-62 

^ Di Laurenzio L, Wysocka-Diller J, Malamy JE, Pysh L, 
Helariutta Y, Freshour G, Hahn MG, Feldmann KA, 
Benfey PN (1996) The SCARECROW gene regulates an 
asymmetric cell division that is essential for generat- 
ing the radial organization of the Arabidopsis root. 
Cell 86:423-433 

^ Clark SE (1997) Organ formation at the vegetative shoot 
meristem. Plant Cell 9:1067-1076 

^ Clark SE, Williams RW, Meyerowitz EM (1997) The 
CLAVATAl gene encodes a putative receptor kinase 
that controls shoot and floral meristem size in Arabi- 
dopsis. Cell 89:575-585 

Evans MMS, Barton MK (1997) Genetics of angiosperm 
shoot apical meristem development. Annu Rev Plant 
Physiol Plant Mol Biol 48:673-701 
Moussian B, Schoof H, Haecker A, Jurgens G, Laux T 
(1998) Role of the ZWILLE gene in the regulation of 
central shoot meristem cell fate during Arabidopsis 
embryogenesis. EMBO J 17:1799-1809 



Scheres B, McKhan H, van den Berg C, Willemsen V, 
Wolkenfelt H, de Vrieze G, Weisbeek P (1996) Experi- 
mental and genetic analysis of root development in 
Arabidopsis thaliana. Plant and Soil 187:97-105 
van den Berg C, Willemsen V, Hendriks G, Weisbeek P, 
Scheres B (1997) Short-range control of cell differen- 
tiation in the Arabidopsis root meristem. Nature 
390:287-289 

Willemsen V, Wolkenfelt H, de Vrieze G, Weisbeek P, 
Scheres B (1998) The HOBBIT gene is required for for- 
mation of the root meristem in the Arabidopsis em- 
bryo. Development 125:521-531 
Fischer C, Speth V, Fleig-Eberenz S, Neuhaus G (1997) 
Induction of zygotic polyembryos in wheat: influence 
of auxin polar transport. Plant Cell 9:1767-1780 
Hadfi K, Speth V, Neuhaus G (1998) Auxin-induced 
developmental patterns in Brassica juncea embryos. 
Development 125:879-887 

Mordhorst AP, Toonen MAJ, de Vries SC (1997) Plant 
embryogenesis. Crit Rev Plant Sci 16:535-576 
Conway LJ, Poethig RS (1997) Mutations of Arabidopsis 
thaliana that transform leaves into cotyledons. Proc 
Natl Acad Sci USA 94:10209-10214 
Mordhorst AP, Voerman KJ, Hartog MV, Meijer EA, van 
Went J, Koornneef M, de Vries SC (1998) Somatic em- 
bryogenesis in Arabidopsis thaliana is facilitated by 
mutations in genes repressing meristematic cell divi- 
sions. Genetics 149:549-563 

Schmidt EDL, Guzzo F, Toonen MAJ, de Vries SC (1997) 
A leucin-rich repeat containing receptor-like kinase 
marks somatic plant cells competent to form embryos. 
Development 124:2049-2062 

Vroemen CW, Aarts N, In der Rieden PMJ, Van Kam- 
men A, De Vries SC (1998) Identification of genes 
expressed during Arabidopsis thaliana embryogenesis 
using enhancer trap and gene trap Ds-transposons. In: 
Lo Schiavo F, Last RL, Morelli G, Raikhel NV (eds) 
Cellular integration of signalling pathways in plant 
development. Springer, Berlin Heidelberg New York, 
pp 207-232 




9 Root Development in Arabidopsis 

Liam Dolan 



9.1 

Introduction ^ 



The development of higher plants involves the 
formation of repeated structural units throughout 
the life of the organism. The formation of these 
structures from populations of stem cells, organo- 
genesis, can be simplified into a number of sub- 
processes. Pattern formation can be considered to 
be the roughing out of discrete pattern elements 
within a population of cells. Morphogenesis in- 
cludes the activities, such as cell division and ex- 
pansion, that generate the final shape from these 
pattern elements. Defining the molecular bases of 
these activities using a combination of genetic, 
molecular and surgical approaches is the aim of 
studies of development in the Arabidopsis root. 
This chapter will describe experiments that pro- 
vide insight into the nature of signals involved in 
cell and tissue patterning and the characterization 
of a small number of genes that are involved in 
the patterning process. The final section will deal 
with the development of lateral roots and how en- 
vironmental factors such as NO3 availability, im- 
pinge upon the development of root architecture. 

The Arabidopsis root is used as a model devel- 
opmental system for a variety of reasons. The 
ease with which large numbers of mutagenized 
Arabidopsis seedlings can be screened for a di- 
verse range of root phenotypes has led to the 
identification of genes involved in various aspects 
of root development. The simple organization of 
root tissues allows these mutants to be placed 
into clearly defined morphological classes. The se- 
quencing of the Arabidopsis genome makes the 
molecular characterization of the genes defined 
by these mutations facile (the complete sequence 
is expected by 2001). The small size of the Arabi- 



dopsis root (diameter of approximately 80 pm) 
has facilitated the use of a variety of microsurgi- 
cal techniques which are impractical in most 
organs of higher plants. It is the combination of 
molecular genetic and* microsurgical approaches 
that has been instrumental in providing insights 
into mechanisms of development in the Arabidop- 
sis root. 

9.2 

Two Meristems Are the Product 
of Embryogenesis in Arabidopsis^ 

Embryogenesis is the process by which the zygote 
forms a structure possessing a shoot meristem at 
its apical end and a root meristem at its basal 
end. The root and shoot system of the mature 
plant is derived from these two meristems. The 
root meristem of teh mature embryo displays the 
cellular organisation characteristic of the primary 
root of the seedling, i.e., all pattern elements are 
in place before germination. The postgermination 
development of the primary root involves the pro- 
duction of cells from a template of initial (stem) 
cells and rapid cell division in the meristem. 

9.3 

The Cellular Organization 
of the Primary Arabidopsis Root^ 

The primary root of an Arabidopsis seedling is 
composed of at least four distinct zones along its 
longitudinal axis (Fig. 1 A). At its base is the root 
cap, which is composed of a central group of 
cells, the columella, and a flanking group of cells, 
the lateral root cap. The root cap actively secretes 
a diverse range of molecules (complex polysacchar- 
ides, proteoglycans, small secondary metabolites 
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Fig. lA-C. Structure of the Arabidopsis root. A Organiza- 
tion of longitudinal zones at the root tip. B Medial longitu- 
dinal section through a root showing the cellular organiza- 



tion of tissues. C Transverse section made in the different 
tiation zone showing the raidal organization of tissues; 
a atrichoblast; t trichoblast 



etc.) that may protect the meristem as it grows 
through substrate (usually soil) and may play sig- 
nalling roles in development. The meristem is en- 
cased within the root cap and comprises a popula- 
tion of dividing cells with a template of initials at its 
base. These initial cells surround a group of four 
non-dividing central cells (quiescent centre cells). 
Above the meristem is a zone where cells grow in 
the absence of cell division, the elongation zone. 
This gives way to a zone where cells cease to elon- 
gate and undergo the final stages of cellular mor- 
phogenesis, the differentiation zone. 

Tissues are arranged in concentric rings 
around the central stele (the vasculature of the 



root) (Fig, 1B,C). The lateral root cap is located 
on the exterior of the root in the meristematic 
zone, but this tissue is dislodged as cells in the 
meristem move into the elongation zone. The epi- 
dermis is located inside the lateral root cap, and 
is composed of alternating longitudinal files of 
hair cells (derived from meristematic trichoblasts) 
and files of non hair cells (derived from meriste- 
matic atrichoblasts). The single layered cortex 
and endodermis are each made up of eight cell 
files and constitute the ground tissue. The peri- 
cycle is made up of a variable number of cell 
files, Pericycle cells maintain a degree of cell divi- 
sion competence after passing out of the meri- 
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stem in that they can reenter the cell cycle during 
the formation of lateral roots and they are the 
source of much of the secondary (woody) tissue 
in older roots. 



9.4 

Tissues of the Root Are Derived 

from a Set of initial Cells in the Meristem^ 

Cell files terminate at the initials which surround 
the four central cells in the basal region of the 
root (Fig, 1 B). Initial cells divide (slowly) in a 
regular pattern, giving rise to cells in invariant 
positions propagating the tissue organization laid 
down during embryogenesis. For example, an epi- 
dermal file and its adjacent pair of lateral root 
cap files converge upon one lateral root cap /epi- 
dermal initial (Fig. 2A-E). This initial undergoes 
a longitudinal division to form an inner cell and 
an outer cell. The outer cell undergoes further di- 
visions, forming a clone of lateral root cap cells. 
The inner cell undergoes a transverse division, 
forming a lower cell which becomes an initial and 
an upper cell which divides transversely to form a 
clone of epidermal cells. Clonal analysis indicates 
that abberations in this set of divisions are ex- 
tremely rare. 

The cortex comprises of a ring of eight cell 
files outside a ring of eight endodermal files 
(Fig, 2E-G). Adjacent cortical and endodermal 
cells are derived from a common initial, the corti- 
cal initial. Cortical initials divide transversely re- 
generating a new initial and an upper daughter 
cell which undergoes a longitudinal division. The 
inner derivative of this division forms a clone of 
endodermal cells while the outer derivative forms 
a clone of cortical cells. The other root tissues are 
derived from similarly regular patterns of cell di- 
visions. 



9.5 

Laser Microsurgkal Experiments Indicate 
that Positional Information in the Cell Wall 
Is a Primary Factor in the Determination 
of Cell Fate^ 

Ablation of cells in biological systems has proven 
instructive in determining the nature of signals 
involved in the specification of cell identity. Abla- 
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Fig. 2A-J. Pattern of cell divisions in wild-type and mutant 
roots. A-D Wild -type epidermis/lateral root cap lineage. 
A Initial cell shaded ana epidermal cell (e). E Initial has 
undergone a longitudinal periclinal division to form an in- 
ner epidermal cell (shaded) and an outer lateral root cap 
celt (Ire, spots). C Each daughter cell divides, forming a 
pair of lateral root cap cells (spots), a new initial and an 
epidermal cell (e) which gives rise to a packet of epidermal 
cells, D Lateral root cap and epidermal cells have divided 
to form a packet of lateral root cap and epidermal cells, re- 
spectively. The basal cell in the epidermal packet of cells 
constitutes a regenerated initial [shaded) has undergone a 
longitudinal perichnal division and the cycle starts again. 
E-G Cortical/endodermal lineage. E Organisation of endo- 
dermal (e) and cortical (c) cells in the vicinity of the corti- 
cal initial (shaded). F Cortical initial undergoes a transverse 
division to form an upper cortical daughter (d) and a new 
initial (shaded), G The daughter cell undergoes a longitudi- 
nal division to form cortical (c) and endodermal (en) cell 
H-I Cellular organization in mutants with defective radial 
pattern, H Wild type. I short root mutant in which the 
daughter cell fails to undergo the longitudinal division re- 
sulting in the formation of a cortical ceE layer in place of 
the cortex and endodermis. J scarecrow mutant in which 
the daughter cell (d) fails to undergo the longitudinal divi- 
sion resulting in the formation of a mutant layer (m) in 
place of the cortex and endodermis 
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tion of cells in the Arabidopsis root with the laser 
of a confocal microscope results in the formation 
of a gap into which neighbouring cells may {or 
may not) move. The developmental response of 
the cell that assumes the new position allows po- 
sitional cues to be defined. When cells do not 
move into the newly formed gap, it allows assess- 
ment of cell signalling processes. Criteria used to 
assess cell fate changes resulting from such posi- 
tional or cell-signalling cues include morphologi- 
cal traits, cell type-specific cell surface markers 
and molecular markers such as promoter reporter 
gene fusions etc. Application of this technology to 
the root has been instructive in elucidating mech- 
anisms of specification of initial and epidermal 
cell fate and central cell function. 

9.6 

Central Cells Negatively Regulate 
the Differentiation of Initial Cells ^ 

Central cells are surrounded by initials and their 
role in the regulation of initial activity has been 
shown to involve a contact mediated mechanism 
(Fig. 3 A). Ablation of a central cell results in the 
differentiation of the columella initial with which 
the central cell made physical contact (Fig. 3B). 
These columella initials develop starch grains and 
express molecular markers characteristic of differ- 
entiated columella cells. Ablation of the columella 
initial on the other hand induces division in the 
central cells producing a daughter cell that re- 
places the missing columella initial. Therefore, 
while the central cells can regulate the differentia- 
tion status of the initials with which they make 
contact, the initials may negatively regulate cell 
division in the quiescent central cells. 

9.7 

Initial Cell Fate 

Is Specified by Positional Information^ 

An important role for positional information in 
the specification of the fates of root initials has 
been illustrated in a further set of laser microsur- 
gical experiments. The cortical initial undergoes a 
stereotypical set of divisions during the develop- 
ment of the cortex and endodermis (see Sect. 9.4). 




Fig. 3 A, B. Central cells (cc) negatively regulate differentia- 
tion of columella initials (col), A Scheme showing the nega- 
tive regulation of columella initial cell differentiation by co- 
lumella cells. B Ablation of a central cell (marked with an 
X) results in the differentiation of the adjacent columella 
cell {shaded); c/en locaction of cortical initials 



Laser ablation of the cortical initial results in the 
formation of a gap into which two cells from the 
underlying pericycle move. These cells in turn 
undergo a transverse division characteristic of the 
cortical initial which normally occupies this loca- 
tion, i.e., the pericycle cells adopt the cortical ini- 
tial fate. Positional information may therefore be 
involved in the establishment of identity in this 
cell type. To investigate the directionality of such 
positional cues, ablation resulting in the complete 
isolation of a cortical initial from all three daugh- 
ter cells with which it makes contact above were 
carried out. Ablation of a single daughter has no 
effect on the behaviour of initials. When three ad- 
jacent daughter cells are ablated, thereby isolating 
an underlying cortical initial from physical con- 
tact with daughter cells, the pattern of divisions 
in this new daughter is disrupted. No longer can 
the cell that moved in to the daughter position 
function as a daughter cell, rather its pattern of 
division indicates that it behaves as an initial. 
This suggests that the positional information may 
move from the more mature regions to the initials 
during the specification of initial cell identity in 
the root. 
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9.8 

Positional Information Directs Cell Fate 
in the Epidermis^ 

The identity of cells in the epidermis is specified by 
their positions relative to underlying cortical cells. 
Trichoblasts are located over the anticlinal (walls 
oriented parallel to the root surface) cell walls of 
the cortical cells while the atrichoblasts overlie 
the outer periclinal (oriented parallel to the root 
surface) walls of these cells (Fig. 1 C). Ablation of 
either trichoblasts or atrichoblasts results in the 
formation of gaps into which neighbouring cells 
occasionally move. The cells that move into the 
space left by the dead cell differentiate according 
to their newly assumed position as defined by mor- 
phological and molecular markers of cell type. 
These data are in agreement with the results de- 
scribed above in which initial cell fate is directed 
by positional information. To determine if the po- 
sitional signalling requires the activity of any par- 
ticular cell type in the root, cells neighbouring 
the two epidermal cell types were ablated. No evi- 
dence has been found for directional signalling 
from living neighbouring cells within the epider- 
mis or the underlying cortical cell layer, suggest- 
ing the existence of an extracellular positional cue. 

9.9 

Positional Information Is Organized 
with Defined Spatial Boundaries^ 

To further characterize the nature of the positional 
information directing cell fate in the epidermis, a 
clonal analysis was carried out. A fraction of divi- 
sions in the trichoblasts of the root epidermis are 
longitudinal in orientation resulting in a file dupli- 
cation. Clones derived from a longitudinal division 
are known as T-clones, since these longitudinal di- 
visions constitute T-divisions as defined in classical 
root anatomy (Fig. 4). In approximately 99% of 
cases the daughter cell overlying the cortical anti- 
clinal cell walls is specified as a trichoblast and 
that cell located over the periclinal cortical cell 
walls is specified as an atrichoblast (Fig. 4C). This 
supports the view that positional information di- 
rects cell fate in the epidermis and that cell identity 
is not inherited through cell lineage. 



In a small fraction of such clones, the resulting 
daughter cells fail to differentiate from each other, 
forming clones in which all cells adopt the same 
fate, either trichoblast or atrichoblast (Fig. 4B, C). 
These correspond to cells in which the longitudi- 
nal wall is located very near the underlying three 
way junction of the anticlinal cortical cell wall. In 
a quantitative analysis of cell differentiation in T- 
clones, the position of the longitudinal cell wall 
with relation to the underlying cortical anticlinal 
cell wall was determined for a large number of 
clones. As the distance between the cortical anti- 
clinical cell wall junction and the longitudinal 
wall increases, daughter cells fail to differentiate 
from each other until a threshold is reached. 
Walls located beyond this threshold undergo dif- 
ferentiation. This suggests that a discrete zone of 
positional information exists between the epider- 
mics and underlying cortical cells. Such domains 
may be arranged as stripes along the longitudinal 
axis of the root mirroring the pattern of cell dif- 
ferentiation in the epidermis (Fig. 4D). It is plau- 
sible that such extracellular cues are associated 
with the extracellular matrix (cell wall) or might 
constitute a more complex set of interactions be- 
tween diffusible ligands and receptors. Given that 
epidermal pattern is in place by stage 20 of em- 
bryogenesis it is possible that positional cues are 
set in place at that stage and maintained through 
post embryonic seedling growth. 

9.10 

SCARECROW and SHORT ROOT Are Required 
for the Development of Radial Pattern 

Pattern elements in the root are laid down pro- 
gressively during embryogenesis and maintained 
through the regular pattern of divisions in the in- 
itials of the post embryonic root. Screening for 
mutations with deletions of specific pattern ele- 
ments has identified genes involved in radial pat- 
tern formation in the embryo and the mainte- 
nance of pattern in the ground tissue of the seed- 
ling meristem. scarecrow (scr) mutant roots pos- 
sess a single tissue layer in place of the cortex 
and endodermis because of a cell division defect 
in the embryo. SCR encodes a protein with amino 
acid sequence motifs indicating that it may func- 
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Fig. 4A-D. Schematic representation of T-clones indicating 
that the position of the longitudinal wall relative to the un- 
derlying three-way junction is important for differentiation 
to occur. The diagrams show a portion of a transverse sec- 
tion of a root with three epidermal cells, the central one of 
which overlies the three-way junction between the epider- 
mal cell and the underlying cortical cell. This epidermal 
cell has undergone a longitudinal anticlinal division {thick 
line). A T-clone in which the longitudinal wall joins the in- 
ner face of the epidermal cell near the three-way junction 
with the underlying cortical cells. In this case the daughter 
cells fail to differentiate from each other and each cell in 
the T-clone has differentiated as a trichoblast (t). B As A, 
but daugher cells have differentiated as atrichoblasts {a). 
C Longitudinal wall {dark line) contacts inner wall some 
distance from the three-way junction. Daughter cells differ- 
entiate according to their position: the cell overlying the 
three-way junction differentiates as trichoblast {t) while the 
cell isolated from the three-way junction differentiates as 
an atrichoblast {a). D Schematic representation of posi- 
tional cue with strict boundary. Hatched region may con- 
tain an extracellular cue specifying trichoblast {t) fate, 
while the non-hatched region may contain atrichoblast cues; 
c cortical cells 



tion as a transcriptional regulator. The absence of 
the formative asymmetric cell divisions in scr 
plants suggests that this transcriptional regulator 
is required for the execution of this asymmetric 
cell division. Consistent with this view is the find- 
ing that SCR is expressed in the cortical endoder- 
mal progenitor cell in the embryo and upon ex- 
ecution of the asymmetric cell division is re- 
stricted to the endodermal cells. 



9.11 

SCR and 5HR Activity Are Required 

for the Division of the Cortical Daughter Cell 

in the Primary Root^^ 

while SCR is required for embryonic pattern for- 
mation, it is also required for the maintenance of 
the pattern in the growing seedling root (Fig. 2J). 
As root meristematic activity is initiated after ger- 
mination, the cortical initials undergo an stereo- 
typical set of cell divisions leading to the forma- 
tion of cortical tissue and endodermal tissue, just 
as the cortex/endodermal progenitor cell in the 
embryo gives rise to these tissue types (Fig. 2E- 
G). The execution of the cortical daughter cell di- 
vision is defective in scr roots resulting in the for- 
mation of a mutant layer that displays characteris- 
tics of both tissue types as revealed by the ex- 
pression of cell surface epitopes (Fig. 2J). SCR is 
expressed in the cortical initials, the site of the 
defective cell division in scr roots consistent with 
its activity being required for the execution of 
that cell division. SCR is therefore required dur- 
ing pattern formation in the embryo and in the 
maintenance of pattern in the seedling root. 

The SHORT ROOT (SHR) gene mutates to a 
short root phenotype and also exhibits a pattern 
defect in the ground tissue. The analysis of cell 
surface markers indicates that shr roots lack an 
endodermis. As in scr, the cortical daughter fails 
to undergo an asymmetric cell division resulting 
in the formation of a single file of cells in place of 
the usual two (Fig. 21). This suggests that SHR ac- 
tivity is required for both the execution of the 
asymmetric cell division in the cortical daughter 
and cortical fate specification in the resulting 
cells. Since an embryonic phenotype of shr mu- 
tants has not been described, it is not possible to 




state what role SHR might play during embryonic 
pattern formation. 
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9.12 

TRANSPARENT TESTA GLABRA and CAPRICE 
Specify Fate in the Epidermis 

The distinction between the two cell types in the 
epidermis is apparent by stage 20 of embryogen- 
esis and is maintained during the postembryonic 
development of the seedling meristem. This re- 
sults in a cellular organization in which tricho- 
blasts are located over the anticlinal walls of un- 
derlying cortical cells and atrichoblasts over the 
periclinal cortical cell walls. Mutations in which 
the organization of these cell files is disrupted 
have defined genes involved in the development of 
this pattern. 

transparent testa glabra (ttg) roots develop root 
hairs in cell files in both locations, indicating that 
TTG negatively regulates hair formation in the at- 
richoblast position in the wild-type root. glabra2 
(gl2) roots also develop root hair cells in both tri- 
choblast and atrichoblast positions, indicating 
that GL2 is a negative regulator of hair cell fate. 
Consistent with this view is the finding that GL2 
is preferentially expressed in atrichoblast files, 
although it is expressed at low levels in the tricho- 
blasts and other cell types in the root. GL2 en- 
codes a homeodomain protein and its expression 
is dramatically decreased in ttg roots indicating 
that TTG acts earlier in the pathway than GL2. 
One possibility is that hair cell identity is the de- 
fault state and TTG positively regulates GL2 tran- 
scription which, in turn, inhibits hair cell forma- 
tion in cells in the atrichoblast position. 

Mutation in the CAPRICE (CPC) gene results in 
the formation of few root hairs, indicating that 
CPC is a positive regulator of hair cell develop- 
ment. Double mutant combinations of cpc and ttg 
exhibit an additive phenotype, suggesting that 
CPC and TTG may act independently during the 
formation of epidermal pattern, cpc gl2 double 
mutants, on the other hand, exhibit a gl2 pheno- 
type. This has been interpreted as indicating that 
GL2 acts downstream of CPC. Given that CPC is a 
positive regulator of hair cell development and 
GL2 is a positive regulator of non-hair-cell devel- 
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Fig. 5. Genetic model of epidermal development in the Ara- 
bidopsis root. TTG positively regulates GL2 function. Both 
are required for atrichoblast development since mutants in 
both genes display a hairy phenotype. Since CPC is a posi- 
tive regulator of hair cell development and may act as a 
negative regulator of transcription and the epistatic interac- 
tion between gl2 and cpc indicates that CPC may act up- 
stream of GL2y it is formally possible that CPC negatively 
regulates GL2 activity during the formation of trichoblasts. 
CPC may thus positively regulate trichoblast development 
by negatively regulating a repressor of trichoblast fate 
(GL2) 



opment and since CPC may act upstream of GL2, 
it is formally possible that CPC negatively regu- 
lates GL2 function. 

Consistent with the possible negative regulatory 
role of CPC in GL2 expression is the finding that 
constitutive expression of CPC results in the de- 
velopment of root hairs in all cell files. Further- 
more CPC encodes a myb-like protein lacking 
proline-rich or acidic transcriptional activation 
domain. CPC might therefore function as a tran- 
scriptional repressor by binding to myb-binding 
sites of promoters thereby blocking transcrip- 
tional activator binding. A target of CPC-mediated 
repression might be GL2 (Fig. 5). 

9.13 

Lateral Root Development Requires Auxin 

Upon germination, the primary root extends and 
the subsequent elaboration of the root system in- 
volves the production of lateral roots. The dimen- 
sion of the laterals is to a large part determined 
by environmental factors. Detailed physiological, 
morphological and genetic analysis has identified 
molecules, such as auxin, involved in the develop- 
ment of laterals. 

Lateral roots are derived from a group of peri- 
cycle cells located next to the xylem (Fig. 6). One 
of the earliest events in the formation of a lateral 
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Fig* 6 A-K Stages of lateral root development, A Stage 11, a 
file containing approximately eight pericyde cells divides in 
a longitudinal perklinal orientation to form an inner layer 
(/L) and an outer layer (01)* B Stage III, OL divides to 
form OLl and 0L2. C Stage IV, I L divides to form ILI and 
IL2. D Stage V, transverse anticlinal divisions occur in deri- 



vatives of OLl and OL2* E Stage VI, periclinal divisions 
throughout the developing primordium result in the forma- 
tion of mature meristem organization, F Schematic organi- 
zation of tissues in the mature lateral root. Epidermis and 
root cap derived from OLl 



root is the occurrence of anticlinal divisions re- 
sulting in the formation of groups of approxi- 
mately eight short cells in three files of the peri- 
cyde (stage I)* By late stage VII all tissue layers 
and the central cells of the quiescent centre are 
present* 

Many genes involved in the development of em- 
bryonic roots are also involved in the formation of 
lateral roots in the growing plant. The expression of 
POLARIS (which is expressed at the root pole of the 
embryo) and SCR (which is expressed during the 
formation of embryonic ground tissue) in develop- 
ing lateral roots mirrors the expression pattern of 
these genes in the embryonic root, indicating that 
some common genes are involved in the develop- 
ment of both root types. Furthermore, the expres- 
sion patterns of many genes indicate that pattern 
formation is a progressive process taking place in 
a step-by-step manner, similar to that observed in 
the embryo. Nevertheless, there are genes that dis- 
tinguish between the development of the two root 
types. For example, monopterous imp) embryos 



fail to form an embryonic root while lateral roots 
develop normally on mp seedlings. 

9.14 

Auxin Is Required Throughout 
the Development of Lateral Roots 

Treatment of roots with auxin results in the devel- 
opment of laterals in a concentration-dependent 
manner, indicating a requirement for auxin dur- 
ing lateral root development. Overexpression of 
auxin biosynthetic genes from the pathogenic bac- 
teria Agrobacterium tumefasciens results in the 
development of extra lateral roots. Mutants in the 
ALTERED LATERAL ROOT FORMATION 1 {ALFl) 
[also known as SUPER ROOT (SPR) and ROOTY 
(RTY)] gene have increased amounts of free and 
conjugated forms of the auxin indole- 3 -acetic acid 
(lAA) than wild type and develop many more lat- 
erals. This is consistent with ,ALF1 being either a 
negative regulator of free auxin synthesis or a 
positive regulator of auxin breakdown, and thus, 
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indirectly, a negative regulator of lateral root de- 
velopment. Furthermore, the auxin-resistant mu- 
tants flwxi, axrly axv3 and axr4 develop fewer lat- 
eral roots than wild type. Treatment of plants 
with inhibitors of auxin transport results in the 
development of fewer laterals and mutants resis- 
tant to auxin transport inhibitors {transport inhib- 
itor response 1; tir9) are largely devoid of laterals. 

alf4 plants fail to initiate laterals and are insen- 
sitive to exogenous auxin treatment suggesting 
that ALF4 is part of an auxin-independent path- 
way. Consistent with this view is the observation 
that alf4 is epistatic to alfl, i.e., alfl al/4 double 
mutants, exhibit an alf4 phenotype. alf3 mutants, 
initiate lateral roots which fail to elongate but can 
be rescued upon application of auxin. This shows 
that auxin is required not only at the initiation 
stage but also at the late, maturation stage. alf4 is 
epistatic to alf3 which might be interpreted as in- 
dicating that ALF4 acts earlier than ALF3 in lat- 
eral root development. 



9.15 

Environmental Factors 

Modulate Lateral Root Development^^ 

In addition to the endogenous signals and regula- 
tors, cells in the developing root respond to a 
variety of environmental factors, such as soil 
moisture, soil texture etc., during development. 
For example, treatment of entire root systems 
with NO3 is known to repress the formation of 
lateral roots while the growth of the primary root 
remains largely unaffected. NO3 inhibition blocks 
the elongation/maturation stage and consequently 
acts late in the process of lateral root develop- 
ment. Furthermore, root systems are known to re- 
spond to locally elevated concentrations of partic- 
ular ions in the soil by modifying their growth 
pattern, resulting in proliferation of lateral roots 
in the relatively nutrient-rich soil volume and de- 
crease root proliferation in the relatively nutrient 
poor regions. This restricted zone of root prolif- 
eration suggests that the root can sense locally 
elevated nutrient levels and that communication 
between different root regions facilitates local 
root proliferation or growth repression. 



9.16 

Nitrate Is a Signalling Molecule Involved 
In the Root Response to Local Elevated Levels 
of the Ion 

ANRI is a gene induced in roots by NO3 treat- 
ment and encodes a member of the MADS box 
family of transcription factors. ANRI expression 
remains unaltered by changes in the levels of the 
two other macronutrients, K“^ or PO^”, required 
by growing plants. To investigate the role of 
ANRI in the local response to NO3 transgenic 
plants harbouring an ANRI antisense construct 
were subjected to locally elevated NOJ treatments. 
This treatment results in the local proliferation of 
the root system in the vicinity of the application 
in wild-type plants. Antisense plants, however, fail 
to develop such a local proliferation of lateral 
roots. This suggests that ANRI antisense plants 
cannot sense the changes in NO3 levels, thereby 
implicating ANRI as a crucial part of the NO3 
sensing mechanism in roots and consequently 
central to the control of root growth responses to 
elevated NO3 levels. 

The inhibition of the localized lateral root de- 
velopment in response to NO3 treatment is also 
observed in ANRI antisense plants with muta- 
tions in the nial and nia2 genes which have 0.5% 
wild- type levels of nitrate reductase (and are 
therefore unable to convert NO3 into a form used 
by the plant). This observation indicates that the 
ANRi -mediated response is independent of the N 
uptake pathway, suggesting that NOJ is the signal- 
ling molecule involved in sensing. 



9.17 

Outlook 

Many genes have been described in the literature 
of root development and their characterization is 
beginning to provide information about the mo- 
lecular principles of pattern formation and mor- 
phogenesis (Table 1). Is is anticipated that the 
characterization of genes (defined by mutants 
with defects in root development) will provide a 
molecular understanding of the nature of position 
information which hitherto has been described 
only as a phenomenon and remains chemically 
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Table 1, Mutants defining genes involved in root development 


Gene 


Root phenotype 


Proposed role of wild -type gene 


ALTERED LATERAL ROOT 
FORMATIONl (ALFt) 


Supernumerary lateral roots 
develop 


Negatively regulates levels of auxin 


ALFJ 


Lateral roots abort soon after 
in It iation 


Required for the maturation of lateral 
root 


ALF4 


No lateral roots develop 


Positive regulator of lateral root 
development 


AUXIN-RESISTANT (AUX 1) 


Fewer lateral roots develop 


Mediates auxin efflux from cells during 
lateral root development 


AUXIN-RESISTANT i (AXRI) 


Fewer laterial roots develop 


Mediates the auxin response during 
lateral root development 


AXR3 


Fewer laterial roots develop 


Mediates the auxin response during 
lateral root development 


AXR4 


Fewer lateral roots develop 


Positive regulator of lateral root 
development 


CAPRICE (CPC) 


Few root hairs develop 


Positive regulator of hair cell 
development 


CL A BRA 2 (GL2) 


Supernumerary root hairs 
develop 


Required for non-hair epidermal cell 
development 


SCARECROW (SCR) 


Single cell layer present in ground 
tissue 


Required for radial pattern formation 
in me ground tissue 


SHORT ROOT(SHR) 


Single cell layer present in ground 
tissue 


Required for radial pattern formation 
in tne ground tissue 


TRANSPORT-INHIBITOR 
RESPONSE 1 (TIRl) 


Few lateral roots develop 


Involved in mediating the auxin 
response during lateral root 
development 


TRANSPARENT TESTA 
GLABRA (TTG) 


Supernumerary root hairs 
develop 


Required for non-hair epidermal cell 
development 



un character! zed. In addition, many mutations 
have defined genes, involved in root hair develop- 
ment but have provided little mechanistic insight, 
since few have been characterized in detail and 
few sequenced (and consequently have not been 
discussed in this chapter). The extension of genet- 
ic analyses of mutant genes through the identifi- 
cation of modifiers (mutations that either enhance 
or suppress the mutant phenotype) will fill out 
developmental pathways and networks which at 
present are poorly defined. The examination of 
phenomena such as molecular epistasis, in which 
the expression of particular genes is carried out 
in various mutant backgrounds, will test the 
hypotheses that these pathways and networks re- 
present. The characterization of these genes will 



be helped greatly by the speed with which the 
Arabidopsh genome sequencing project is pro- 
ceeding. 

Arabidopsis is a model system and as such re- 
presents a starting point for examining the role of 
key regulatory genes in a diverse range of pro- 
cesses from environmental plasticity to the evolu- 
tion of plant form. There is a great diversity of 
root types among the higher plants (prop roots, 
parasitic roots etc.) and with the aid of detailed 
phylogenies it may be possible to begin to exam- 
ine the role of key genes (defined in Arabidopsis) 
in the evolution of root form in distinct lineages 
of plants. Furthermore, while there has been 
some progress toward an understanding of some 
developmental processes, we have little under- 
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Standing of how environmental influences impact 
upon the developing root in terms of gene expres- 
sion. The illustration of the role of ANRI has 
been exceptional in this respect and the extension 
of these studies will provide important informa- 
tion regarding the genetic mechanism underpin- 
ning the response of roots to their changing envi- 
ronment. 



9.18 

Summary 

The Arabidopsis root is amenable to both micro- 
surgical and mutational analyses. The combina- 
tion of cellular, genetic and molecular approaches 
to define the roles of genes in root development 
is beginning to uncover the developmental princi- 
ples that underpin root formation. The identity of 
many cell types in the root is determined by posi- 
tional information which is laid down progres- 
sively during embryogenesis and maintained in 
the postembryonic root. Such positional informa- 
tion in the epidermis may be extracellular in na- 
ture, while the signals required for initial func- 
tion appears to move emanate form more mature 
regions of the root. Signalling through direct cell 
contact is involved in the repression of differen- 
tiation in cells of the columella by central cells. 
The molecular basis of these signalling events re- 
mains to be ascertained. 

Genetic analysis has identified genes involved in 
root formation. SCR is required for the develop- 
ment of the ground tissue in the embryo and its 
continued proliferation at the level of the initials 
in the postembryonic root. SHR is also required 
in the post embryonic stage. TTG and CPC are re- 
quired for the specification of cell pattern in the 
epidermis but it is not yet clear if these genes are 
active in the embryo. The morphogenesis of lateral 
roots requires auxin and a number of genes in- 
volved in this pathway have been identified. It has 
long been known that the architecture of the root 
is influenced a great deal by the availability of nu- 
trients in which the root grows. ANRI is involved 
in the sensing of NO3 availability and studies with 
transgenic plants suggest that NO3 may, in fact, 
be one of the signalling molecules involved. 
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10 Leaf Development 

Carlo Pozzi, Kai J. Muller, Wolfgang Rohde, and Francesco Salamini 



10.1 

Introduction 



Unlike the case in animals, developmental pro- 
grams of plants cannot use cell migration during 
embryogenesis. In fact, every time a cell divides, 
it lays down a lignified wall which is firmly an- 
chored to walls of preexisting cells. This imposes 
several restrictions on organ and tissue develop- 
ment. 

A second radical difference is that plants are 
open systems: apical vegetative meristems - the 
structures that generate the primordia of vegeta- 
tive organs - provide a continuous supply of cells 
in an embryogenetic state for the growing plant. 
Apical meristems are formed not only when the 
seed embryo is organized starting from the divi- 
sion of the zygote (see Vroeman and de Vries, 
Chap 8, this VoL), but also in somatic tissues 
when the morphological habit specified by the de- 
velopmental program of a given species necessi- 
tates the production of lateral branches. 

Apical meristem activity is repetitive. The or- 
gan produces only leaves, each with the potential 
to organize at its base a new apical meristem in a 
lateral position on the stem. Production of leaf 
primordia terminates abruptly when the meri- 
stems are stimulated by environmental signals to 
change their fate and become floral meristems 
(see Chap. 13, this VoL). 

The mode of leaf primordia formation on the 
flanks of apical meristems poses an interesting 
developmental problem. In the growing apex, pri- 
mordia of different ages coexist: the primordium 
PO is represented by the meristematic ring of leaf 
founder cells; PI arises in a different position and 
corresponds to a distinct visible ridge of tissue; 
P2 has already taken on a tubular shape with 



signs of dorso-ventral differences, etc. How is it 
possible that in the crowded and densely packed 
structure of the developing shoot apex primordia 
of different size come to occupy during different 
developmental stages the same fraction of avail- 
able space? The answer seems to depend on the 
positioning of leaf primordia around the meri- 
stem. This is not random in any given plant: it is 
a common observation that positioning is recur- 
rent; that is, leaves of different ages are aligned in 
a fixed number of rows along the stem. This posi- 
tioning is referred to as phyllotaxis. When differ- 
ent species are considered, one finds that, of the 
very large number of possible phyllotactic vari- 
ants, only few are used. These are described by 
fractions whose numerator is the number of rota- 
tions around the stem needed to connect two 
leaves inserted on the same vertical line and de- 
nominator is the number of leaves present in each 
turn around the stem. The fractions are invariably 
1/2, 1/3, 2/5, 3/8, 5/13 etc.; the numerators and 
denominators both form Fibonacci series (each 
number is the sum of the preceding two). This 
series of fractions corresponds to angles between 
leaves that decrease asymptotically from 180° 
(fraction 1/2) to 137° 30' 28". The latter angle de- 
fines a sector of a circle indicated by the gold- 
en section, which forms the basis of the logarith- 
mic spiral, a curve which always retains its shape, 
independently of its size. As size increases, main- 
tenance of an invariant shape is a necessity be- 
cause the different primordia of apical meristems 
have to use the same proportion of the available 
space. Thus, a likely hypothesis for the absence of 
intermediate phyllotactic combinations is that 
these would not permit the orderly differentiation 
of regular structures. The example provided illus- 
trates how simple physical laws impose evolution- 
ary limits on organismal development. 
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10.2 

Leaf Morphology^ 

In dicot (yledon) new leaf primordia develop from 
meristems that are confined to a narrow sector of 
the shoot circumference (peg- Like structures), but 
form collar-like primordia in mono cot (yledon) 
(Fig, 1 A). Mature leaves are inserted at oodeSj a 
condition found in monocotyledonous species. 
The leaf is composed of the lamina, the petiole 
(in dicots) or blade (in monocots) and the leaf 
sheath. Veins are vascular bundles, which in mono- 
cots are disposed in parallel. Leaves can be simple, 
or compound (Fig, 1 B), Simple leaves are defined 
by a hairy single lamina, which is sometimes dee- 
ply lobed or indented. Compound leaves have sev- 
eral individual laminar units borne on a rachis that 




Fig, i, A Diagrammatic representation of leaf primordia de- 
veloping from a monocot (M) or a dicot (D) shoot apex, 
B Leaves of Arundo donax (Af), Ranunculus repens (Dj), 
Prunus avium (D^) and of Sophora macrocarpa (D?)^ La 
Lamina; Lb blade; Lp leaf primordium; Pe petiole; Ls, Sh 
sheath; St stipule (modified from BeE 1991) ^ 



arises at a node. Multiple orders of compound 
structures may occur. 

The leaf as an organ has a dorsoventral plane 
of symmetry. The plane containing the central 
leaf vein (the midrib) is the centro-lateral. The 
third plane of symmetry, the proximo -distal, 
comprises two distinct regions: sheath and blade 
in monocot, and petiole and lamina in dicot 
(Fig, IB), 

A current model of plant body organization 
considers the activity of the vegetative apical mer- 
istem as producing successive leaf primordia 
which generate repetitive units of growth. This 
notion of the plant body as consisting of meta- 
mers is particularly pertinent in mo no cots. In 
these species the unit of growth is the phytomer, 
consisting of an internode with the leaf at its 
upper end and the bud at its lower end - opposite 
to the leaf (Fig, 2 A), 

A diagrammatic representation of an adult 
maize leaf is reproduced in Fig. 2 B, which in- 
cludes morphological details and introduces ter- 
minology frequently cited in the study of leaf de- 
velopment. 



103 

Leaf Development and Its Genetics 



103.1 

Stages of Leaf Development^ 

The main processes active in leaf morphogenesis 
are initiation and determination of primordia, es- 
tablishment of primordia and leaf symmetries, 
cell expansion, and the differentiation of specific 
cell types. In several species, the first leaf primor- 
dia emerge during embryogenesis and mutants ar- 
rested early in embryogenesis do not produce 
normal leaves. In Arabidopsis^ the mutants em- 
bryonic flower 1 and 2 flower immediately after 
germination: their shoot apical meristem (SAM) 
is thus incapable of initiating leaf primordia, and 
differs in form and anatomy from the wild type* 
Primordia are not necessary for subsequent leaf 
production: meristems isolated from the seed be- 
fore primordium initiation continue to generate 
leaves in correct positions. 
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Fig, 2, A The Sharman phytomer is composed of leaf^ inter- 
node and bud. The phytomer represented in this figure cor- 
responds to a vegetative unit or growth of Zea ma^s (Bos- 
singer et aL 1992) \ B Adults mature maize leaf with parts 



and veins indicated. C The maize ligule-auricle domain; 
s sheath; I ligule; a auricle; b blade. (After Freeling 1992) 
(With permission of Academic Press Inc.) 



The question arises whether the SAM is ac- 
tively involved in the initiation of leaves, or con- 
stitutes only a physical region in which the leaf 
organization emerges. In ArabidopsiSy the mutant 
shoot meristemless (stm) lacks a SAM and is un- 
able to produce leaves. This would imply a promi- 
nent role for SAM in the initiation process. 
Nevertheless, mutants are known that are able to 
produce leaf-like organs in the absence of SAM. 
In those cases, however, the apparent absence of 
SAM may simply reflect the fact that it has been 
used up during the formation of the first or first 
few primordia. 



W32 

Pritnordtum Initiation 
10,3.2.1 Position^ 

During leaf development, cell differentiation pro- 
gresses gradually and repeatedly, starting from an 
apparently uniform set of cells in the meristem. 
As expected, primordium initiation is accompa- 
nied by morphological and functional changes. 
These define the site of appearance of the new 
primordium - marked by an increase in cell divi- 
sion rate and by the occurrence of divisions along 
planes parallel to the surface of the shoot meri- 
stem (periclinal cell divisions). Cell expansion in 
the direction of the developing primordium is 
also evident from experiments in which gamma- 
irradiated seedlings, incapable of cell division. 
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nevertheless produce an outgrowth at the site ex- 
pected for the next primordium. 

Three mechanisms have been proposed to ac- 
count for the positioning of primordia in the 
meristem. The first sees this as a simple conse- 
quence of space limitations within a densely pack- 
aged matrix of existing and incipient primordia. 
The obvious objection to this interpretation is 
that in some species space is not limiting. Chemi- 
cal models based on the diffusion of inducer and 
inhibitor molecules have also been proposed; but 
such hypothetical molecules have never been iso- 
lated, even though auxin and cytokinins, alone or 
in combination, may well play a role. The third 
hypothesis stresses the relevance of groups of 
cells in which cellulose microfibrils are disposed 
in a circular arrangement around the cell wall. 
According to this theory, these cells are prevented 
from expanding laterally, thus ensuring the out- 
growth of the primordium. This theory has re- 
cently been modified to assign a role to local 
physical stresses on the shoot meristem - stresses 
generated by preexisting leaf primordia. 

A genetic approach should help to further dis- 
sect primordium initiation. Consider the shoot 
meristemless mutant of Arabidopsis, Its few ecto- 
pic leaves originate without phyllotactic ordering, 
suggesting that the position of primordium initia- 
tion is established in the SAM. Also other mu- 
tants {clavata-1, fasciata -1 and -2 and forever 
young of Arabidopsis, and abphyll of maize) show 
a correlation between alterations in the histology 
of the SAM and leaf phyllotaxis. 

10.3.2.2 

Meristem Zonation 

and Leaf Primordium Initiation^ 

Modifications of the anatomy of SAM are also 
predictive of the incipient emergence of a leaf pri- 
mordium. Histologically distinct zones are present 
in the meristem of dicotyledonous and monocoty- 
ledonous plants. At the top of the meristem, va- 
cuolate cells divide less frequently than the dense 
cells positioned on the flank of the structure. The 
positions of cells with higher mitotic indices coin- 
cide with areas of meristem that ultimately con- 
tribute to a new leaf primordium. In these areas 
the primordium founder cells are located. 



In the monocotyledons, at least, leaf, internode 
and the lateral bud subtended by the leaf - the 
components of the growth unit designated as a 
phytomer - have a common histological origin. 
This supports the possibility that phytomer foun- 
der cells may already have adopted a specific de- 
velopmental fate in the meristem. Poethig and 
Szymkowiak (1995) have conducted a cell lineage 
analysis to determine when the founder cells of 
the maize phytomer segregate from the shoot 
meristem. Their conclusion is that in the meri- 
stem a group of cells two to three cells high, two 
layers deep and about 30 cells in circumference is 
responsible for the generation of the phytomer. 

Having established that phytomer founder cells 
exist, one can ask whether these cells are already 
fated to produce distinct parts of the primordium, 
corresponding, later, to cent ro -lateral and proxi- 
mo-distal domains of the leaf. Clonal studies car- 
ried out in maize reveal that blade- or sheath- spe- 
cific sectors are not obtained when a meristem is 
irradiated at the leaf preinitiation stage, i.e., all 
observed sectors encompass both sheath and 
blade. This supports the conclusion that proximo- 
distal leaf regions are not determined in founder 
cells at the time of primordium formation. Foun- 
der cells of the leaf are aligned in a distinct re- 
gion of the meristem and their number can 
approach 100 in tobacco, and from 100 to 200 in 
maize. In a monocot like maize, the cells encircle 
the meristem flank, while in dicots they are spa- 
tially more confined (Fig. lA). 

The centro-lateral dimension of the leaf is in- 
fluenced by the position occupied in the meri- 
stem by founder cells, that is, subgroups of these 
founder cells may already define domains of de- 
velopment. In this sense, leaf development in- 
volves a clonal type of development, particularly 
early in the formation of transversal domains of 
the primordium. The border limiting the clonal 
propagation of cells on the leaf lamina is fre- 
quently delineated by major veins, units with dis- 
tinct morphology that divide the leaf lamina into 
recurrent developmental modules. 

For the investigation of leaf development and 
its relation to founder cell fate, the genetic analy- 
sis of mutant phenotypes is a powerful tool. In 
maize, the hypothesis that the leaf originates from 
founder cells that already have distinct regional 
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identities has been mentioned. Recessive mutants 
which lack or alter the disposition of a subset of 
the founder cells have been isolated. These nar- 
row sheath {ns) mutants have leaves that lack dif- 
ferentiated margins because in the meristem itself 
a set of founder cells is excluded from the devel- 
oping primordium. A model {Fig. 3) for the func- 
tion of ns genes supposes that cells destined for 
recruitment as founders pass through a two-stage 
initiation schedule; in the first, meristematic cells 
assume founder cell identity. This process starts 



at a position in the flank of the meristem which 
corresponds to the later site of formation of the 
leaf midrib, and extends toward the leaf premargi- 
nal flanks of the meristem. In the second step, do- 
main-specific fates are assigned, ns loci activity is 
assigned to the first stage when it serves to initia- 
lize the cells in the marginal flank of the meri- 
stem. We anticipate here one molecular aspect of 
leaf differentiation which has emerged from the 
intense effort devoted to the cloning of genes that 
affect maize leaf development (details of which 



A Domains within the developing phytomer 




adaxial view 



Fig, 3A-C. Model for the function of ns 
eenes. A Maize vegetative meristem and 
leaf primordium. Leaf domains are repre- 
sented as lateral segments, each divided 
into a proximal node/internode region, 
middle sheath region and a distal blade 
region. B In red, the expression domain of 
ns genes is represented hy a sector. On the 
left is a meristem and founder cell ribbon; 
on the right is a transverse section 
through the meristem, in a position where 
an incipient leaf will develop. The arrow 
Indicates the overlapping left and right 
sheath margin domains. The ns genes act 
to initialize specific cells of the shoot api- 
cal meristem. Once initialized, these cells 
can respond to later signals that specify a 
particular leaf domain identity In ns mu- 
tants, meristematic cells In this region re- 
main uninitialized and therefore cannot 
respond to signals specifying domain 
identities. C Schematic representation of 
meristematic leaf founder cell ribbons 
{PO] from leaf 6 (left) and leaf 14 (right). 
The meristem enlarges with each succes- 
sive plastochron, predicting that the leaf 
founder cell ribbons exhibit less overlap 
in later leaves (Scanlon et al. 1996) 

(With permission of the Co. of Biologists 
LTD) 



B The domain of action of narrow sheath 



I 6 region of .sheath 




C Alleviation of the narrow sheath phenotype in later leaves 




P772 Sheath Central domain Margin 

Internode/nnde lateral I Domain of narrow 

Pre-liguJe sheath action 



150 C. Pozzi et al. 



will be discussed later). The main result of these 
studies is that the expression of a set of homeo- 
box genes is of primary importance in organizing 
meristem zonation, thus regulating several meri- 
stem-specific phenomena, including the site of 
leaf emergence. The meristem of ns mutant 
plants, for example, is defective at a site corre- 
sponding to that of the future leaf margins, where 
the normally downregulated homeobox gene 
Knotted- 1 is actually expressed. 

10.3.3 

Maturation of Leaf Primordia 

The mature leaf of maize consists of several re- 
gions including the sheath, blade, ligule, stipules, 
auricles, midrib and other veins (see Figs. 2, B). 
We have already stated that in this species the 
transverse modules of the leaf acquire their iden- 
tity within the meristem itself. Thus, the primor- 
dium is transversally determined and can be 
viewed as a mosaic of lateral regions (Fig. 3). The 
longitudinal regionalization of the developing pri- 
mordium takes place during successive stages of 
maturation, as revealed by the phenotypes of mu- 
tants in which knotted-like homeobox (knox) 
genes are perturbed. 

10.3.3.1 

The Maturation Schedule^ 

The maturation schedule (Freeling 1992) can be 
summarized as an orderly sequence of steps dur- 
ing which leaf developmental modules pass 
through several stages of differentiation. The 
founder cells acquire a transverse regional iden- 
tity in the meristem (step 1). It must be stressed, 
however, that the developmental clock is indepen- 
dently set at time 0 in each transversal region. In 
step 2 the sequence of maturation events begins 
in each group of founder cells, while cell divisions 
continue independently of the time-keeping mech- 
anism. In this step the presheath, preligule, and 
preblade are determined. In step 3, the longitudi- 
nal regional identities of sheath, blade and ligular 
regions are acquired. The maturation schedule hy- 
pothesis was developed for grass leaf development 
and is based on the analysis of the morphological 



effects induced by mutations affecting leaf tissue 
organization. Leaves of such mutants are shown 
in Fig. 4 and compared to those of the wild type. 
Mutants are classified, based on their morphol- 
ogy, into the groups of ligule polarity, deletion, 
and upside-down mutants. Included in the first 
class are mutants that transform blade cells into 
sheath cells. These dominant ligule polarity mu- 
tants have been useful in understanding proximo- 
distal domains of the leaf. In the meristem, pri- 
mordium founder cells initially have the capacity 
to become sheath cells. The dominant mutations 
inhibit the cellular acquisition of the competence 
to pass from sheath determination to ligule-auri- 
cle and blade determination. Several of these mu- 
tants share common molecular characteristics, 
showing alterations in homeobox gene expression. 

To explain mutant-specific phenotypic altera- 
tions, the maturation schedule hypothesis pro- 
poses that the cells of the various primordium do- 
mains are normally at different stages of progres- 
sion in the schedule and thus respond differently 
to a signal to make a leaf. The reaction, in terms 
of the phenotype of a given domain, will be more 
dramatic in the presence of abnormal levels of 
homeobox gene expression. The maturation 
schedule will then be altered: indeed cells of a 
given domain may even not reach the appropriate 
state of competence and remain immature. For ex- 
ample, they may retain their leaf sheath determi- 
nation even when positioned in the blade. 

The timing of ectopic expression of a knox 
gene is an important determinant of phenotype, 
as is evident from the study of transposon-gener- 
ated sectors expressing LG3, the product of the 
liguleless 3 gene. When the gene is activated by 
an early transposition event (corresponding to 
expression in a large somatic sector) a sheath-to- 
blade transition is observed, as expected. When 
LG3 expression is turned on later (small sectors), 
only the blade-to-auricle switch - or no transition 
at all - takes place. This finding is easily ex- 
plained considering that the cells in which the 
gene is expressed are progressively acquiring dif- 
ferent states of competencey. Thus, depending on 
when, rather than where, LG3 is expressed, leaf 
cells will take on different fates. 

An alternative hypothesis has been advanced to 
explain the specificity of the phenotypes asso- 
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Fig, 4 Schematic representation of the 
leaf phenotype of 13 maize mutants. 
The representation considers also the 
zonation of primordia. Alleles are in- 
dicated with capital letters when 
dominant. The auricle of Rsl denotes 
simultaneous auricle and sheath iden- 
tity, Rsl-Oy rs2-0j Rs4-0: Rough sheath; 
Lg3-0, Lg4-0t Igl-Ot lg2-0: Liguleless; 
Hsfl-0: Hairy sheath frayed; Gnl*R: 
Gnarley; Knl-0: Knotted; Lxml-Of 
Lxtn2*R: Lax midrib; Rid 1-0: Rolled; 
nsl-Ri ns2-R: narrow sheath. The 
numbers in parentheses refer to the 
isolated alleles; the dots indicate 
that the genes associated with the mu- 
tant phenotype are cloned, while open 
circles indicate putative association, 
(After Sylvester et aL 1996)^ 
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dated with each of the dominant fCwox leaf mu- 
tants, The different phenotypic patterns of the 
mutants have been proposed to be due to region- 
specific regulation of gene expression. For exam- 
ple, if each domain is regulated differently, ecto- 
pic knox expression will have different effects in 
eachj thus leading to specific phenotypes. 

The maturation schedule hypothesis is compa- 
tible with the idea that the ectopic expression of 
knox genes promotes the persistence of the meri- 
stematic state: the extreme case foreseen by the 
hypothesis is that the meristein might be thought 
of as the least mature leaf competency state. Stud- 



ies on recessive mutants of maize that lack leaf 
domains, such as Igl and Ig2 which delete ligule 
and auriciej shed light on other aspects of the 
maturation schedule hypothesis, specifically those 
concerning how signals may be transmitted. LGl 
acts in the epidermis to induce anticlinal divi- 
sions leading to ligule and auricle formation, LG2 
acts before LGl as a part of a “make ligule*" mes- 
sage, Genetic mosaics have shown that this signal 
is propagated directionaOy from midrib to mar- 
gin, Once it reaches a mutant Igl sector, it is de- 
layed, normal cells placed more marginally with 
respect to the sector wOl still transmit it. In the 
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meantime the developing leaf cells lose their com- 
petence to sense the stimulus; as a result only 
those less mature cells basally positioned will be 
able to form a slightly displaced ligule* 



Midrib deletion mutants have also been de- 
scribed, which delete this distinct transversal do- 
main, The analysis of such mutants supports the 
conclusion that midrib identity can be acquired 




K 





early leaf 
pfirrordium 




CjDli 




L Jr^T LSt 
OOOOL1 



matirra leaf 



pre-mesopHyll 
half vein initial 



middle mesophyll 
bundle sheath of vein 



Fig, 5A-E. Vascular pattern ontogeny in the leaf of maize. 
A The midvein (MV) initiates at the point of leaf insertion 
and extends acropetally into the leaf primordium and basipe- 
tally to connect with the stem vasculature. B Formation of a 
large lateral vein (I), This process repeats, with a delay, the 
mode of development of the midvein, C Basipetal formation 
of intermediate longitudinal veins (J) In the distal domain 
of the leaf blade. D Basipetal formation of small longitudinal 
(5) and transverse (T) veins in the blade (Nelson and Dengler 
1997) (with permission of Am, Soc. PL Physiologists). 
E Formation of a small vein (S in D) in the maize leaf The 
vein is formed within the L2-derived mesophyll tissue, while 
the LI layer contributes to the formation of the epidermis. 
Arrows indicate successive developmental stages and direc- 



tion of cell divisions. This model is based on the analysis of 
spontaneous sectors and was proposed by Langdale et al. 
(1989)^ The programmed divisions of the central (L2) pri- 
mordial mesophyll cell generate middle mesophyll and half- 
vein initial cells. If the mesophyll daughter cell divides again 
and repeats the process, an iternating "two mesophyd cells - 
vein” venation pattern is produced. The model is based on 
the observation that middle mesophyll- bundle sheath sec- 
tors end most frequently in the middle of a vein (Dawe and 
Freeling 1991)^. This simple pattern of cell division is re- 
sponsible for the formation of the vein in the transverse 
direction. Longitudinally, the differentiation of the vein is lo- 
calized, most probably by the existing template represented 
by cells already committed to become vein 
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independently from that of other leaf domains. 
All the midribless mutants also affect the carpel, 
the feminale part of the flower, more or less se- 
verely: this establishes, in monocots, a clear de- 
velopmental relationship between the organization 
of the leaf midrib and that of the carpel. 

The last step in the maturation schedule deals 
with how the commitment to a differentiated state 
can be propagated during the many cell divisions 
that take place between the establishment of the 
primordium and the emergence of the mature 
leaf. During the process, leaf cells of specific re- 
gions are assigned to various fates, which are ac- 
quired irrespective of lineage and almost exclu- 
sively according to cell position. Once a specific 
developmental pattern is acquired, it can be per- 
petuated by an existing structure functioning as a 
template. An example of this developmental pro- 
cess is the maturation of secondary vein of the 
maize leaf, which follows a basipetal sequence. 
This type of vein differentiates first in distal posi- 
tions of the blade. Cells are provided by two clo- 
nal lineages that divide in a transverse direction 
(model in Fig. 5). The subsequent longitudinal 
maturation of the vein proceeds toward the base 
of the blade by the differentiation of new cells. 
These cells differentiate clonally, as explained 
above, but assume their final positioning in agree- 
ment with the preexisting template represented by 
the already existing vein. 

10.3.3.2 

The Role of Cell Division^ 

If position-dependent effects are paramount in 
leaf development, a crucial role for cell division in 
the process is excluded. In fact, a recent discus- 
sion of the relevance of cell division rate and pat- 
tern for leaf formation indeed concludes that 
changes in these parameters should have no con- 
sequences for leaf morphogenesis. The point here 
is that, for example, the tangled-1 mutations in 
maize, while significantly altering cell division 
orientations through the leaf, do not modify leaf 
shape. However, before finally excluding a mor- 
phogenetic role for rate and direction of cell divi- 
sion in leaf primordium formation early phases of 
its initiation must be considered. Early cell divi- 
sions in the maize leaf epidermis have been stud- 



ied by clonal analysis. Sectors induced by trans- 
posable elements and marked by wild- type juve- 
nile waxes have a tendency to start and end at 
positions which correlate with the location of the 
ribs. The conclusion is that (1) a clonal type of 
development takes place during early epidermis 
formation; and (2) in the protoderm, only few 
cells play a role in generating the transversal do- 
main defined, in mature leaves, by the positions 
of ribs (lateral ribs in Fig. 5). 



10.3.4 

Developmental Aspects and Symmetries 
of the Dicotyledonous Primordium and Leaf ^ 

Shape and type of leaf genetic sectors generated 
in several monocot and dicot species show that 
leaf primordium founder cells exist. This rules 
out the possibility that the organizers of the an- 
giosperm leaf are apical leaf initials. Intercalary 
cell divisions should thus play a prominent role in 
providing the bulk of leaf tissue, as soon as the 
primordium has acquired its basic symmetries. To 
account for the expansion of the dicot leaf, a role 
for a putative leaf lateral meristem has frequently 
been advocated. Leaf sector analysis suggests a 
different interpretation. Large, genetically marked 
leaf clones start at the base of the leaf. They are 
represented by a reduced number of cells in the 
petiole. If induced later in development, they fan 
out from the midrib, increasing in size (Fig. 6). 
This type of growth is consistent with the idea 
that clones are generated from a subset of primor- 
dium founder cells that, during leaf differentia- 
tion, show different rates of transversal vs. longi- 
tudinal cell division. On the other hand, when 
leaf sectoring due to transposable element activity 
in the epidermis or mesophyll is considered, it is 
an universal observation that very small sectors 
are randomly distributed, pointing to similar fre- 
quencies of late cell divisions throughout the leaf. 
Thus, as discussed, only the direction of very 
early cell division seems to have relevance for pri- 
mordium differentiation. In the tobacco leaf, the 
overexpression of a barley knox gene induces an 
early divergence of major veins from the midrib, 
with leaf shape adapting accordingly (Fig. 6). 
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Fig. 6. A Pattern of venation in wild- type (left) and trans- 
genic tobacco plants (right). The construct used for trans- 
formation specifies constitutive, 35S promoter- driven, ex- 
pression of the barley homeobox gene knox3 B Diagram- 
matic representations showing how, in transgenic leaves, 
veins diverge from the midrib much earlier (3), supporting 
an earlier oiange in the direction of cell division relative to 
wild type (2). 1: in this diagram of a tobacco leaf, the black 
areas indicate the shapes and size of chlorophyll-non ex- 
pressing sectors. The sector border parallels the direction 
of veins 



Such a case makes it clear that the rate of trans- 
versal vs. longitudinal cell divisions influences the 
final leaf shape. 

In dicotyledonous leaves^ the establishment of 
primordium dorsoventrality already anticipates 
the morphological difference between dorsal and 
ventral parts of the leaf {adaxial, in botanical ter- 
minology, refers to the dorsal or superior side of 
the leaf; abaxial indicates the inferior part; adax- 
ialization is the process of acquisition of these 
differences). Absence of the adaxialization func- 
tion in the primordium leads to a needle-like leaf 
without a lamina. The mutant phantastica (phan) 
of Anthirrhinum majus has leaves, petals and 
bracts with reduced amounts of dorsal tissue and, 
occasionally, it produces needle-like leaves. The 
acquisition of the three-dimensional shape of the 



leaf, however, does not depend only on the estab- 
lishment of dorsoventrality Divisions in marginal 
regions of the primordium also contribute. This 
process ultimately resolves the lateral and central 
domains of the leaf: the central region of the pri- 
mordium develops into the midrib. The fat muta- 
tion of Nicotiana $ilve$tri$ affects the establish^ 
ment of periclinal divisions at the border of the 
primordium and leads to a “narrow leaf"* pheno- 
type. The laml mutant of the same plant has a 
somewhat similar but more drastic phenotype, 
lacking the entire marginal domain, 

103,5 

Leaf Expansion and Regional Cell Differentiation 
10.3.53 

Leaf Expansion^ 

After a leaf primordium domain has been deter- 
mined, a process of leaf expansion and regional 
cell differentiation follows. Here one must, as 
mentioned, distinguish dearly between dicot and 
monocot modes of leaf expansion. In dicotyledo- 
nous plants, lateral expansion starts from a nar- 
row marginal region of the leaf primordium and 
proceeds in a direction of growth which parallels 
the major veins. The question is how the spatial 
expansion of the lamina is controlled and, ulti- 
mately, how the shape of the leaf is maintained. 
Studies of mutants have again been helpful. The 
phenotype of okra in cotton, or dwarf dimmuito, 
sabre and acaulis in ArabidopsiSi suggests that the 
shape of the lamina is acquired through a precise 
control mechanism, with changes in rate and di- 
rection of cell divisions being correlated with re- 
gional differences in leaf tissue growth. The role 
of cell expansion also has to be considered: the 
two Arabidopsis genes angustifolia (an) and ro- 
tundifolia (rot) act after lamina initiation to con- 
trol ihe polarity of cell expansion. The absence of 
the AN function results in a narrow leaf pheno- 
type, due to a defect in cell elongation in the 
transverse direction. The rot mutant is defective 
in cell elongation in the long axis. After different 
tissues of the leaf have been determined, differen- 
tiation continues to be a position-dependent pro- 
cess. 
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103,5,2 
Epidermis ^ 

Maize leaf epidermis dearly differs between juve- 
nile and adult leaves. The adult leaves lack juvenile 
epicuticular waxes and are more rectangular in 
shape. Genetic analysis has been able to elucidate 
the transition from juvenile to adult leaf develop- 
ment, Mutants are available that prolong the juve- 
nile stage, like Corngrass 1 {Cgl) and Teopodl 
and 2 (Tpl and 2) of maize, while the mutant 
glossy 15 {gll5) has a shortened juvenile phase, A 
model has been proposed in which the wild-type 
Gll5 gene product responds to a juvenile-inducing 
signal acting downstream of CGI and TPl and 2, 



Stomata are specialized cell complexes that reg- 
ulate gas exchange between leaf and environment. 
Each stoma consists of two guard cells (GC) and 
a pair of subsidiary cells, the whole complex 
being surrounded by epidermal cells. In Trades- 
cantia, stomata differentiate first at the base of 
the leaf; an asymmetric cell division produces the 
initial (mother cell) of the GCs (Fig, 7}, The pat- 
tern of divisions leading to stoma formation is to 
some extent species specific and can be summa- 
rized as follows: cells in files adjacent to the ini- 
tial GC, or cells above and below the initial in the 
same cell file, undergo synchronous unequal divi- 
sions to produce the subsidiary cells. The stoma- 
tal initial later divides to produce the two GCs 





vi 



v\\ 






Fig, 7, A Stoma patterning in grasses (Larkin et aL 1997)^. 
i Each initial occupies, after one cell division, the position 
closer to the leaf apex and its new transversal walls are off- 
set from those of nearby cell files, ii Subsidiary cells derive 
from asymmetric divisions of adjacent cell tiles. Hi The 
guard mother cell divides to form two guard cells (GCs). B, 
C An experiment of cell lineage analysis of the maize stoma 
complex. On the surface of a glossy-ml mutant leaf, the epi- 
dermis has no epicuticular waxes {black color). The gtl-m 
cell (CJ) has, however, reverted to wild type following 
traiisposon excision, generating a surface with waxes {dense 
white spotting). The acl subsidiary cell is covered by waxes, 



indicating its origin from Cl. D Formation of a stoma com- 
plex in Arabidopsis. The oriented production of neighbor 
cells creates stomatal patterning, regardless of the place- 
ment of the primary merislemoid (i and ii). A primary 
meristemoid forms by division of a protodermal cell 
{shaded}', in and iv asymmetric divisions are oriented so 
that the primary meristemoid comes to lie approximately 
in the center of the stomatal complex; v the triangular mer- 
istemoid converts to an oval guard mother cell; vi and vii 
the guard mother cell divides symmetrically to form two 
guard cells (Larkin et al, 1997), (With permission of Am, 
Soc. PL Physiologists) 



156 C. Pozzi et al. 



which generate the stomatal pore. To explain the 
spatial patterning of stomata within the leaf epi- 
dermis, three theories have been proposed: orien- 
ted cell divisions, cell cycle-dependent stomata 
formation and inhibition by developing stomata 
of the formation of further stomata. 

The first theory is based on observations on 
dicots and monocots. In Pisum, stoma complex 
initials seem to be randomly distributed, but after 
several cell divisions the stoma positions become 
non-random. This non-randomness depends on 
divisions that are oriented so as to separate the 
stomata from each other as much as possible. In 
monocots, the initials are non-randomly distribu- 
ted, the stomata being linearly aligned. Stoma 
spacing along a row again, seems, however, to de- 
pend on the cell division pattern. In summary, ac- 
cording to this theory, the placement of stomata 
is determined by a set of regularly spaced divi- 
sions, and all cells involved have a defined cell 
lineage. The subsidiary cells, in fact, are not able 
to assume the GC fate after laser ablation of the 
GC initials, suggesting that cell lineage deter- 
mines the position of the first cell division in sto- 
mata complex formation. 

To explain the alignment of stomata in mono- 
cots, it has been proposed that a specific stage 
characterizes those cells which will become stoma 
initials. When the basal most zone of the leaf epi- 
dermis is still characterized by proliferative cell 
divisions, the stoma initials are already estab- 
lished in a more distal zone defined as formative 
(for the stomata). Cell fate depends on the cell cy- 
cle stage of cells entering the formative zone: only 
cells that reach this area in a mitotic state will be- 
come initials. 

The third theory assigns a role to chemical in- 
hibitors produced by developing stomata, which 
prevent adjacent cells from assuming the same 
fate. In Tradescantia, initials are arrested by the 
presence of stomata in immediately adjacent files. 
Arrested cells have features of stomatal and undif- 
ferentiated epidermal cells, indicating a possible 
retention of responsiveness to patterning signals. 

Few mutants are available which influence sto- 
matal patterning, and none of them has been mo- 
lecularly characterized. In Arabidopsis, these are 
too many mouths (stomata in clusters with two or 
more adjacent pairs of guard cells), four lips (un- 



paired guard cells) and R-558 (increase in stoma- 
tal density). 

Trichomes, like stomata, are unique cell types 
that arise in a dispersed arrangement on the dif- 
ferentiated epidermal surface of almost all plants. 
They are variable in morphology, ranging from 
large multicellular spikes to small glands contain- 
ing trichomes. Among their functions are protec- 
tion against leaf predation and damage by UV 
light, and control of water loss. Using transgenic 
Arabidopsis, in which trichome initiation could be 
modulated experimentally, it has been demon- 
strated that all epidermal cells have the potential 
to produce a trichome. Further experiments de- 
monstrate that cells generating trichome units de- 
velop regardless of their lineage. Additional ex- 
periments carried out with arrested trichome in- 
itials support the conclusion that models involv- 
ing signals that promote or inhibit trichome for- 
mation account better for their patterning than 
do cell division-based mechanisms. 

Genetic analysis of trichome development has 
led to the isolation of mutations in several plant 
species, with those of Arabidopsis (more than 24 
genes) being the best studied. The available data 
indicate that the genes involved function only 
after trichome determination. Molecular studies 
of glabrous 1 (gll), transparent testa glabra (ttg), 
and tryptichon (try) fit the following model. All 
protodermal cells have the same potential to de- 
velop as trichomes. The GLl and TTG polypep- 
tides act as heterodimers to promote trichome 
initiation. Once this pathway has been activated, 
the try gene product triggers the production of an 
inhibitory signal. In competent protodermal tis- 
sue, adjacent cells are mutually inhibited from de- 
veloping as trichomes and continue to divide. At 
some point, the inhibitor threshold is overcome 
and cells enter the trichome mode. The level of 
the heterodimer increases, but this positive feed- 
back loop is coupled to a negative one, which 
forces the adjacent cells to assume a different fate. 
In summary, the competence of epidermal tissue 
to form trichomes is a sort of metastable state 
that leads cells to form either trichomes or to re- 
main in their current state. GLl and GL2 resem- 
ble transcription factors of the MYB and homeo- 
domain protein families, respectively. TTG is en- 
coded by a myc-related gene, since the ttg mutant 
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is complemented by the maize R gene. Genes in- 
volved in later stages of trichome development 
are also being actively cloned. 

104 

Molecular Aspects of Leaf Development 

10A1 

Homeobox Genes 

Molecular data obtained in recent years answer 
some of the questions arising from the preceding 
sections. The most striking insights to emerge 
from the molecular study of the genes involved in 
leaf shaping concern the determination of leaf re- 
gional identities. Evidence has accumulated that 
the transverse borders of phytomeric regions are 
defined by the action of a specific set of genes, A 
likely hypothesis is that, as in animals, differential 
expression of homeobox genes prefigures mor^ 
phogenetic patterning, the result being the forma- 
tion of a metameric body structure. Expression of 
the first homeobox gene isolated in maize, knh 
marks out cells that do not respond to differentia- 
tion signals. In the wild type, KNl is expressed at 
high level in the shoot meristem cells and only at 
a basal level in leaf primordia. The gene is down- 
regulated in the SAM, where the next leaf primor- 
dium (PO) will initiate; it thus appears that cells 
that no longer express KNl become responsive to 
differentiation signals. 

The model applies particularly well to the data 
obtained from the study of the narrow sheath 
maize mutants: here, KN 1 accumulates in the 
founder cells of the premarginal leaf domain at a 
time when the adjacent leaf founder cells of cen- 
tral domains do not express the protein. It ap- 
pears that, in ns mutant leaves, the margins of the 
leaf primordium are never initialized because 
they continuously remain under the influence of 
the KNl gene product- Other maize homeobox 
genes like, rsl and knox3, are preferentially ex- 
pressed in the incipient internode and axillary 
bud, two further components of the phytomeric 
unit which are positioned at the basal border of 
the phytomer {Fig, 8), The timing of expression of 
the last two genes mentioned, although difficult 
to define precisely, seems to precede or to accom- 




Fig. 8, Model relating the expression of knox genes to the 
determination of a maize phytomer. Regions of KNl ex- 
pression are restricted to the L2 layer of the meristem, with 
the exception of domains occupiea by leaf primordia initial 
cells. The region where rsl and knox3 are expressed is pu- 
tatively assigned to the initiation of the other two phyto- 
meric structures (Jackson et al. 1994)^^, (With permissions 
of the Co. of Biolgists Ltd.) 



pany phytomer determination, while they are 
down-regulated in uncommitted meristem cells. 
Although the mechanism that triggers down-regu- 
lation of rsl and knox3 remains elusive, some of 
the hypotheses concerning developmental aspects 
of leaf morphogenesis presented in this chapter 
can now be inolecularly evaluated. In this respect, 
the notion that a biophysical signal might regulate 
the expression of knox genes as a putative compo- 
nent of the meristem identity should be tested, 

A number of homeodo main -encoding genes 
have been isolated in plants. They are grouped 
into five categories: the HD-zip type; the PHD fin- 
ger type {zmhoxla in maize, hatSy prha and 
prhpa in Arabidopsis); the glabra2- like homeodo- 
main genes (glabra2 and atmll in Arabidop$is)y 
fce/fJ -related HD genes and the knotted 1-like^ 
homeobox genes {knox genes) (Fig, 9a). 

The members of the knotted 1-like family share 
a high level of protein sequence homology and 
can in turn be grouped into two classes. Only 
class I knox genes have convincingly been shown 
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ATHBl QLPEKKRRL-T E-VHL S-...ET ENK-E PE-KTQL-KK- G-Q P — VAV AR— TKQ 

GLABRA2 RKRKKYHRH-T D-IRHM-AL- . ■ . KE TPHPD EKQ-QQLSKQ- G-A P--V-F TQI-AIQ 

ZMHOXla NSTARKGHFGP VINQK-HEH- . . . KT QP-PS -SVKESL-EE- G— F--VNK--ET — HSARVAS 

BELLI HPWPPQRGLPK RAVTT-RAWLFEHFL HP- PS DVDKHIL-RQT G-S RS-VSN--I-A-VRLW-PM 

KNl SK-KKKGKLPK EARQQ-LSWWDQHYK WP-PS ETQKVAL-EST G-D LK — NN--I-Q-KRHW-PS 

KNOXl L RAGKLPG DT-SI-KQWWQEHSK WP-P- EDDKAKLVEET G-Q LK--NN--I-Q-KRNWHN- 

Fig. 9. A Dendrogram derived from the amino acid se- TENNAPEDIA (ANTP) of Drosophila. Dots Gaps facilitating 
quence comparisons of several plant homeodomains. (Ker- amino acids alignment; dashes amino acids as in ANTEN- 
stetter et al. 1994)^°. B Amino acid sequence comparison of NAPEDIA 
gene products of plant homeobox genes, compared to AN- 



to be important for meristem and leaf develop- pression - a finding that suggests related func- 
ment. The members of this class (Fig. 9 b), be- tions. For example, the /cwati gene in Arabidopsis, 
sides showing 73-89% amino acid sequence like knl, is downregulated in a relatively small re- 
homology with knly have similar patterns of ex- gion of the SAM where leaf primordia initiate. 
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and its expression pattern is predictive of leaf 
phyllotaxis. The shootmeristemless (stm) gene of 
Arabidopsis belongs to the same group. Mutations 
in this gene preclude the formation of SAM, again 
supporting a fundamental role for knox genes in 
SAM formation and maintenance, stm is the only 
homeobox gene for which mutants with a radical 
loss-of-function phenotype have so far been iden- 
tified. 

Most mutations known in class I homeobox 
genes cause gain-of-function phenotypes, which 
have been instrumental in understanding the pro- 
cesses that they control. Thus, the sheath-like 
knots on the blades of Knottedl mutant leaves are 
explained as abnormal responses of blade cells to 
a sheath- determining signal. Unlike the case in 
the wild type, in mutant leaves knl is expressed 
in cells that would normally differentiate to be- 
come veins but now contribute to formation of 
the abnormal structures known as knots instead. 
The knots are thus explained as being due to a 
misinterpretation of positional information, with 
cells of the blade being “persuaded” to become 
sheath. As in the Knottedl mutants, dominant al- 
leles of the Rough sheath gene are associated with 
an overexpression of the underlying knox gene. 
Mutations of the rs gene convert sheath tissue 
into blade. A proximal/distal disturbance of cell 
identity also explains the presence of ectopic sti- 
pules in transgenic Arabidopsis leaves that consti- 
tutively express knatl. Stipules are structures nor- 
mally found only at the leaf base. 

Additional genotypes of fcwox-related mutants 
or of plants transformed with knox genes are also 
of interest. We will consider particularly cases of 
ectopic shoots on leaves. In barley, the dominant 
Hooded mutant shows ectopic floral meristems on 
the lemma, a leaf-like organ protecting the flower. 
The genetic locus responsible contains the 
homeobox gene knox3. The same phenotype has 
been reported for barley transformed with the 
maize homeobox gene knL In tobacco, the over- 
expression of knl, and related class 1 knox genes 
from barley, rice, maize, Arabidopsis and tobacco, 
induces the formation of ectopic meristems from 
leaf veins, in positions corresponding frequently 
to the sites of transition from petiole to leaf. Also 
in Arabidopsis the overexpression of the knatl 
gene leads to ectopic meristem production, again 



in the vicinity of veins. The nature of the changes 
described for Knox mutants and Knox transgenics 
can be interpreted in terms of phytomer organiza- 
tion: an attribute of the internode domain, like 
bud initiation, is now assigned to a leaf lamina 
domain. Other interpretations focus on cell deter- 
mination: if leaf cells can generate new shoot 
meristems, they presumably first acquire a differ- 
ent determination state. Is the leaf cell determined 
to become a shoot in the presence of constitutive 
knl expression, or must the leaf become meri- 
stem-like before generating a shoot? What is clear 
is that modulation of knox gene expression pro- 
foundly alters plant developmental programs, 
most probably also modifying the hormonal sta- 
tus of the cell; tobacco plants, trasformed with the 
knox gene oshl show increased levels of the cyto- 
kinins and ABA. Furthermore, transgenic ap- 
proaches to increasing endogenous cytokinin lev- 
els result in phenotypes comparable to those of 
fcwox-transgenic tobacco and Arabidopsis plants. 
Indications are also available that the products of 
class I homeobox genes function as signals be- 
tween different meristematic cell layers: intercellu- 
lar transport of KNl, for example, may be consid- 
ered the reason for the lack of cell autonomy in 
knl gene function. 

Knox genes expressed mainly in specific organs 
like roots and leaves, are assigned to class II. In 
contrast to the results of experiments with class 1 
knox genes, overexpression of this knox subgroup 
does not generate transgenic plants with altera- 
tions in leaf shape. 



10 . 4.2 

Homeobox Gene Redundancy 

In animals and yeast, homeobox genes involved in 
specific developmental pathways tend to have 
closely related DNA sequences. Available evidence 
points also to functional redundancy, with more 
than one gene carrying out the same or quite 
similar functions. Besides redundancy, gene clus- 
tering is also a rule, as in the case of Drosophila 
homeobox genes. In mice, however, the four re- 
lated copies of any given Hox gene map on four 
separate chromosomes, each copy having a char- 
acteristic mutant phenotype. In plants, redun- 
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dancy seems the norm. In maize, for instance, 
closely related homeobox genes have arisen as the 
result of gene duplication followed by a certain 
degree of divergence. The significance of redun- 
dancy among plant homeobox genes has also 
been revealed by studies of recessive knl pheno- 
types. knl alleles carrying nonsense, splicing and 
frameshift mutations cause inflorescence and 
floral defects, indicating participation of KNl in 
lateral meristem maintenance. These mutants, 
however, are not lethal and have additional 
ectopic leaves. Furthermore weak hypomorphic 
alleles of the Arabidopsis stm gene allow shoot 
formation at abnormal hypocotyl positions. It can 
be concluded that in plants, too, each member of 
a given family of homeobox genes contributes to 
morphogenesis and not all are essential for sur- 
vival, because they show considerable functional 
overlap. 

10.4.3 

Compound Leaves 

Compared to monocots, the dicot leaf is more 
flexible in its developmental programs. A reveal- 
ing difference between monocot and dicot plant 
species, moreover, is that compound leaves are 
particularly prominent in the latter group. A com- 
pound leaf is initiated as a single primordium, 
with leaflets becoming determined on the main 
primordium later in development. Mutants exist 
which affect the compound leaf architecture of to- 
mato and pea, and some of the genes involved 
have been cloned. The allelic mutants Mouse ear 
and Curled in tomato have been associated with 
mutations in the knox-\iike gene tkn2. Both mu- 
tants affect the compound character of the leaf: as 
described for the overexpression of knl of maize 
in tomato, increased ramification of the leaf is 
part of the mutant phenotype. The induction of 
higher-order leaflets is also evident in transgenic 
potato plants that overexpress barley and tobacco 
knox genes. In situ analysis of the tomato SAM 
using the knox gene tknl as a probe, showed, in 
contrast to results described for maize and Arabi- 
dopsisy knox gene expression in the leaf founder 
cells and developing leaf primordium. This may 
imply that in this plant knox expression main- 



tains the cells in a labile state of determination 
that permits the differentiation of the leaflet pri- 
mordia. Alterations in the expression levels and 
domains of knox genes might thus have played a 
role in the evolution of the compound leaf archi- 
tecture. 

Ectopic expression of class 1 knox genes in 
species with compound leaves results in a higher 
order of leaflets, when the wild type, or a mutant 
which still shows compound leaves, is trans- 
formed. When tomato mutants like entire or lan- 
ceolate, programmed to form simple or pseudo- 
simple leaves, are transformed with kn-1, the 
degree of compoundness of the leaf does not 
increase. The result corresponds to that seen in 
knox transformants of tobacco, a species with 
simple leaves. It is concluded that, besides the 
role of specific knox genes, the existence of other 
molecular pathways leading to the formation of 
compound leaves has to be postulated. Other 
genes involved in the determination of leaf com- 
poundness are found among the meristem iden- 
tity genes. In the unifoliata (uni) mutant of pea, a 
gene that is homologous to the genes leafy and 
floricaula of Arabidopsis and Antirrhinum, respec- 
tively, is inactive. In the mutant, the compound 
leaf with leaflets and tendrils is converted into a 
simple leaf. The absence of UNI, thus, not only 
prevents the formation of a compound leaf shape, 
but also down-regulates tendril formation. 

The few molecular data available concerning 
the role of non-homeobox gene in leaf develop- 
ment are, nevertheless, already sufficient to allow 
us to conclude that, besides knox genes, other 
patterning gene families should exist which oper- 
ate in the acquisition of the final form of the leaf. 
These include genes once thought to be involved 
solely in the determination of floral meristem 
identity and now found to be crucial also for leaf 
development. Thus, the glossy 15 maize mutant is 
affected in the juvenile to adult leaf phase transi- 
tion, but it turns out that corresponding gene is 
apetala2-like; other members of this family are in- 
volved in the transition from the vegetative to the 
reproductive state of SAM. Table 1 contains infor- 
mation about leaf developmental mutants and 
genes. 
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Table L Partial list of developmental mutants and genes participating in leaf development 


Mutant/transgene 


Organism 


Gene class 


Locus 


Phenotype/gene effect 


Phyllotaxis 
fast iat ton 


Soybean 




/ 


Distichous decussale/semiwhorled 


florkaula/ 

squamosa 


Snapdragon 




flo/squa 


Spiral — who r led 


forever young 


Arabidopsis 




fey 


Disruption of leaf positioning and 
me r is tern maintenance 
(oxidoreductase) 


ciavaia 1* 
fasciata I + 2 


Arahidopsts 




civ 

fas 


Alterations of SAM histology correlate 
with sites of leaf initiation 


Dorsoventrality 

argonaute 


Arabidopsis 




agol 


Rosette leaves ^ no lamina/ 
cauline leaves apolar leafdike 
structures (+pleiotropic effects) 


tSSSAGOl 








Globlet-likc leaves and petals 


phantastka 


Snapdragon 




phan 


Reduction of dorsal tissue; leaf becomes 
more needle-like up the plant 




N. sylvestris 
N. sylvestris 




lamH 

fat 


Needle -like leaves; 

missing peridinal cell divisions at the 
border of the primordium 


Sha^ of simple leaves 
iiguJeless 1 Maize 


SBP 


Igl 


Missing Ligule 


UguleUss2 


Maize 


bZip 




Missing ligule 


LiguielessJ + 4 


Maize 


KNOX 


lgS.4 


Missing Ligule 


Knotteiil 


Maize 


KNOX 


knl 


Ligule displacement into the leaf blade 


Rough Sheath I 


Maize 


KNOX 


rst 


Ligule displacement into the leaf blade 


rough sheath 2 


Maize 


MYB 


rs2 


Twisted leaves, semi bladed leaves 


Gnariey 1 


Maize 


KNOX 


gnl 


Blade identity appears in the leaf sheath 


narrow sheaih 


Maize 




nsl; ns2 


Missing leaf margin 


Lax Midrib 1 


Maize 




bcmH 


Epiphyllous leaves 


Hooded 


Barley 


KNOX 


k 


Epiphyllous flowers 


Shape of compound leaves 
Mouse ear/Curied Tomato 


KNOX 


me/cu 


Supercompound leaves 
Kpiphyllous shoots on Cu sepals 


Fetroselinum 


Tomato 




pet 


One higher (third)-order leaflets 


Potatoe leaf 


Tomato 




c 


First-order leaflets in alternating order 


trifoliat 


Tomato 




tf 


Terminal Leaflet and most distal pair of 
leaflets 


entire 


Tomato 




e 


Pseudosimple leaf by fusion of leaflets 
to the terminal leaflet 


Lanceolate 


Tomato 




la 


Entire, simple leaf 


afda 


Pea 






Leaflets branched tendrils 


tendril -less 


Pea 




tl 


Terminal tendrils -* leaflets 


pleiofJta 


Pea 




af;tl 


Branched leaflets/terminal leaflet 


unifoliata 


Pea 


UNI 

( = FLO/LFY) 


uni 


Compound leaf simple leaflet 
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Table 1 (continued) 


Mutant/transgene 


Organism 


Gene class 


Locus 


Phenotype/gene effect 


Cell diviston* cycle and growth 








warty ‘I 


Maize 




wrt'l 


Excessively enlarged cells in the leaf 


tangled 1 


Maize 




tan-1 


Normal leaf shape, 

altered orientations of cell divisions 


slender barley 


Barley 




sld 


Elongated leaf 


transgenic cdc25 


S. pombe/ 


CDC25 




Lengthened and twisted lamina, 


tobacco 






pocKeted interveinal regions 


Okra 


Cotton 






+ Lobe length/ - lamina expansion 


angustifolia 


A rabidopsis 




an 


Thickened narrow leaf blade (same 
number of cells as wt) 


rotundifolia 3 


Arabidopsis 




rot 


Reduced longitudinal cell elongation 


acautis 1 


Arabidopsis 






Cell elongation defects 


Initiation and diilerentiation 








empty pericarp! 


Maize 




emp2 


Not leaf founder cell initialization 


glossy 15 


Maize 


AP2-like 


glis 


Alteration of epidermal identity 


Bundle Sheath 
Defective! 


Maize 




bsd2 


Mesophyll and bundle sheath disruption 


revoluta 


Arabidopsis 




rev 


Extra cell divisions in the leaf basal 
meristem 


embryonic 


Arabidopsis 




emf-I 


No foliar leaves immediate flower 


flower- 1 

Transgenic expression 


of homeobox genes 






initiation 


tOshl 


Rice/tobacco 


KNOX 




Simple wrinkled, lobed leaves 


rOshl 


rice 






Knotted-rice 


tKnatl 


Arabidopsis 






Simple leaves lobed leaves 


tKnatl 


Arabidopsis 

tobacco 






Simple leaves lobed leaves 


tKnl 


Maize/tobacco 






Simple leaves lobed leaves; epiphylly 


iKn! 


Maize/baricy 






Phenocopy of the barley Hooded mutant 


tKnl 


Maize/tomato 






Compound supercompound leaf shape 


Trichome developmem 








glabrous I 


Arabidopsis 


MYB 




Loss of trichome formation 


transparent testa 
glabra I 


Arabidopsis 




ttgt 


Loss of trichome formation 


glabra! 


Arabidopsis 


HD 


gl2 


Spike- like trichomes; towards the leaf 
margins less reduced 


fusca I 


Arabidopsis 
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10.5 

Summary and Outlook 

The leaf is the most pervasive component of a nat- 
ural landscape. Although leaves are so different in 
shape, size and color, in higher plants their mor- 
phogenesis is, from the meristem positioning of 
primordia to the maturation of the blade, remark- 
ably constant. In spite of the relevance of this or- 
gan, which provides the primary dry matter to 
earth ecosystems, only recently we have started to 
understand some of the basic principles regulating 
leaf development. Genetics has been and continues 
to be of special help: mutants have, for example, 
shown that the position of primordium initiation 
is established in the SAM (but still we have only hy- 
potheses concerning the mechanisms responsible); 
other mutants have been instrumental in clarifying 
that the leaf originates from founder cells that al- 
ready have distinct regional transversal identities, 
whilst the longitudinal regionalization of the leaf 
primordium takes place during later stages of ma- 
turation. To explain the morphological modifica- 
tions induced particularly by the perturbation of 
homeobox gene activity as determined by specific 
mutations, the leaf maturation schedule hypoth- 
esis has been proposed. This envisages an orderly 
sequence of steps during which leaf developmental 
modules and their cells pass through several stages 
of differentiation. The hypothesis is compatible 
with the idea that the ectopic expression of knox 
genes promotes the persistence of the meri- 
stematic state: the extreme case put forward by 
the hypothesis is that the meristem can be thought 
of as the least mature leaf-competency state of the 
cell. The last step of cellular commitment to a dif- 
ferentiated state is propagated during the many 
cell divisions that take place between the establish- 
ment of the primordium and the emergence of the 
mature leaf. During this process, leaf cells of specif- 
ic regions are assigned to various fates, which are 
acquired irrespective of lineage and almost exclu- 
sively according to cell position. Once a specific de- 
velopmental pattern is acquired, it can be perpetu- 
ated by an existing structure functioning as a tem- 
plate. An example of this developmental process is 
the maturation of secondary vein of the maize leaf. 
Leaf expansion and regional cell differentiation are 



late events in part depending upon the rate and di- 
rection of cell division. Examples are stomatal and 
trichomal differentiation. One molecular aspect of 
leaf differentiation has emerged from the cloning 
of genes that affect leaf development. The main re- 
sult of these studies is that the expression of a set of 
homeobox genes is of primary importance in orga- 
nizing meristem zonation, thus regulating several 
meristem-specific phenomena, including the site 
of leaf emergence. Expression of the homeobox 
gene knl marks out cells that do not respond to dif- 
ferentiation signals. The gene is downregulated in 
the SAM, where the next leaf primordium will initi- 
ate; it thus appears that cells that no longer express 
KNl become responsive to differentiation signals. 
Out of the several members of the knl -like gene 
family isolated in plants, only the so called class I 
type is relevant to leaf initiation and differentia- 
tion. Mutations in class I homeobox genes cause 
gain-of-function phenotypes. These genes, when 
over-expressed in transgenic plants, generate sig- 
nificant alterations in leaf shape. Ectopic expres- 
sion of the same genes in plant species with com- 
pound leaves results in a higher order of leaf com- 
poundness. 

The molecular mechanisms of leaf development 
are only partially known. To date, only homeobox 
genes are suspected to be the coordinators of the 
hierarchical sequence of events starting in the 
SAM and leading to leaf formation. Studies are cur- 
rently focusing on the isolation of genes encoding 
factors interacting with the homeobox genes and 
their products in the control of the organogenetic 
processes taking place at the flanks of the meri- 
stem. In this respect, one-hybrid and two-hybrid 
systems are powerful tools. Loss-of-function muta- 
tions for isolated genes, moreover, should provide 
novel information on the functions differentiating 
leaf domains. One of the major goals, remains the 
understanding of the cascade of events triggered 
when cells without identity enter a zone from 
which they will come out as initials. 

An emerging problem concerns how leaf shape 
is kept in check. The natural occurrence of ex- 
treme phenotypic variations provides a good raw 
material to start with but again, molecular investi- 
gations are needed to explain why a regional 
group of cells within the plant meristems switches 
to an individual fate. 
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Recent interest concerns the transition from ve- 
getative to reproductive growth. This has focused 
on genes acting at the boundary or between these 
two processes. This activity, in turn has stimulat- 
ed investigations into the nature of morphogens 
(florigenic or shoot inducing) that may control, 
through their gradients, plant development. 

A growing interest in cell lineage- related 
mechanisms, active in early stages of leaf develop- 
ment, may also contribute to a better understand- 
ing of how major symmetries of the organ are 
achieved. 
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11.1 

Introduction 

Plant development can be divided into two 
phases; a vegetative and a reproductive phase. 
During the vegetative phase the main shoot grows 
and produces leaves and further side shoots, 
known as lateral shoots. As the plant enters the 
reproductive phase it begins to produce flowers 
that are composed of several distinct organ types. 
The various lateral organs of the adult plant are 
not formed during embryogenesis. Differentiation 
is continuous throughout the lifetime of the plant 
and positional information must therefore be gen- 
erated de novo. The mechanisms which initiate 
and coordinate this are not yet clear. In contrast, 
there has been a rapid accumulation of knowl- 
edge concerning the floral developmental pro- 
gramme which is governed by a set of transcrip- 
tion factors named by their common DNA-bind- 
ing domain, the MADS box. Genetic and molecu- 
lar studies with two species, Arabidopsis thaliana 
and Antirrhinum majus, indicate common regula- 
tory mechanisms underlying floral organ differen- 
tiation, summarised in the widely accepted ABC 
model. This chapter will describe and critically 
examine this model after a brief introduction to 
processes that precede flower formation. 



1 1 .^ 

The First Steps Toward Flower Formation 

11.2.1 

Angiosperm Shoot Development: 

Vegetative and Reproductive Meristems 

In plants, continuous development and differentia- 
tion of organs is made possible by special struc- 
tures known as meristems. Meristems are com- 
posed of undifferentiated cells located at the tip 
of the growing shoot (shoot apical meristem) and 
root (root apical meristem). Slowly dividing cells 
in the central zone of the shoot apical meristem 
maintain themselves and replenish the faster-divid- 
ing peripheral cells. The peripheral cells acquire 
the ability to differentiate into lateral organs whilst 
maintaining part of the meristem as axillary meris- 
tems. The axillary meristems can differentiate into 
lateral shoots with lateral leaves and this process 
can reiterate several times (Fig. 1). 

The transition to reproductive development oc- 
curs after a period of vegetative development, 
when plants become “competent” to respond to en- 
vironmental signals (such as day length, light in- 
tensity and nutrient availability). During the repro- 
ductive phase the shoot apical meristem becomes 
an inflorescence meristem. During the floral initia- 
tion process (FLIP, see Sect. 11.2.2), the inflores- 
cence meristem will give rise to a number of lateral 
floral meristems or lateral leaves (these leaves, 
which are associated with flowers, are called cau- 
line leaves or bracts) with coflorescences or floral 
meristems in their axils (Fig. 1). The vegetative to 
reproductive transition is frequently accompanied 
by changes in the relative position of lateral organs 
(phyllotaxis) and changes in the distance between 
lateral organs (internode length). 
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vegetative shf>ot repniductive shcKJt 

Fig. 1. Morphology of wild-type Antirrhinum plants. The 
two drawings on the left show plants during the vegetative 
{left) and reproductive (right) phases of growth. The main 
shoot, lateral leaves and axillary shoots are derived from 
the shoot apical meristem (SAM). Only one lateral shoot is 
shown, developing in the axil of a leaf. During the transi- 
tion to reproductive development the shoot apical meristem 
becomes an inflorescence meristem (JAf) which differenti- 
ates into bracts (shaded upper leaves) with flowers (equiva- 
lent to lateral shoots) in their axils. The scanning electron 
micrograph (Zachgo et al. 1995) shows a young inflores- 
cence with IM at the tip and differentiating bracts (i?) and 



Floral meristems sequentially initiate floral or- 
gan primordia on their flanks, similar to lateral 
organs along the shoot meristem (Fig. 1). How- 
ever> floral organs are laterally determinate, in 
that they do not carry meristems in their axils. 
Furthermore, the central region of the floral mer- 
istem does not continue to produce meristematic 
cells after initiation of female reproductive organ 
primordia (central determinacy). Flower forma- 
tion terminates shoot development. 

11 - 2.2 

Genetic Central of Flower Initiation 

EMBRYONIC FLOWER {BMP) mutants skip the 
vegetative phase and flov^er immediately after ger- 
mination. This suggests that flowering is a default 
state and that EMF genes act to delay flowering. 
In order to initiate flowering, the EMF function 
must be reduced. The complex processes during 
this early event and their relation to flower initia- 
tion are the subject of recent reviews. Here, we 



mature inflorescence 

floral meristems. Flower development is divided into stages 
numbered from 0 lo 6 which coincide with the initiation of 
bract (stage fl), flower (stage J-2), sepal (sj stage 3-4) petal 
(p; stage 5), stamen (sf^ late stage 5) and carpd (c; stage 6) 
primordia. The organization of floral organs in concentric 
rings (whorls) is clear within the flower at stage 6. At stage 
4 (the floritypic stage) sepal primordia are visible struc- 
tures and the position of tne petal primordia is defined by 
the corners of the pentagon-shaped central part of the flow- 
er primordium. Expression of genes controlling floral organ 
identity is established by stage 4. The photograph at the 
right shows the upper part of a mature flowering plant 



consider the control of flower initiation only to 
the extent that it allows understanding of later 
processes during the control of floral organ iden- 
tity {see Sect. 11,3.3). 

Interference with the genetic control of flower 
initiation completely or partially prevents flower- 
ing, although the vegetative to reproductive tran- 
sition (revealed by establishment of the inflores- 
cence meristem) is accomplished. Genes involved 
in the floral initiation process (FLIP genes) are 
therefore homeotic selectors, because they select 
between two possible meristem fates, non-floral 
or floral. For instance, the floral meristems of 
mutants of the Antirrhinum FLIP genes FLORI- 
CAUIA (FLO) and SQUAMOSA (SQUA) and their 
Arabidopsis counterparts LEAFY (LFY) and APE- 
TALA I (APJ) are replaced more or less complete- 
ly by inflorescence meristems. In some species, 
such as ImpatienSy the FLIP is reversible and can 
be manipulated by changing environmental condi- 
tions. Similarly, in Arabidopsis or Antirrhinum^ 
FLIP mutants respond to changing environmental 



young inflorpseence 
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conditions by increased or decreased floral or in- 
florescence characteristics. In addition to their 
role in establishing the floral status of the meri- 
stem, FLIP genes activate and control the floral 
organ identity genes, 

113 

Genetic Control of Floral Organ Identity 
by Homeotic Genes*''*'® 

Flowers are composed of four different organ 
types which develop sequentially from the outside 
to the inside on the flanks of the floral meristem 
(Fig, 1), The four organ types are arranged in 
four concentric rings or whorls. Sepals in the first 
whorl and petals in the second whorl constitute 
the outer whorls, 1 and 2^ while stamens and car- 
pels (the male and female reproductive organs) 
develop in the inner whorls, 3 and 4 {Fig, 2), The 
specification of organs is controlled by organ 
identity genes. These genes are homeotic selectors 
which determine the identity of organs developing 
at given positions in the flower. Collection and 
description of abnormal flowers has a long tradi- 
tion and shows that in many different species vir- 
tually every organ can adopt the fate of any other 
floral or non-floral organ. The organ alterations 
are not random, however, suggesting that the con- 



trol of floral organ identity is governed by certain 
rules. These rules can be summarized in the ABC 
model which contains components which can be 
applied to describe features of many flowers (see 
Sect, 11,5.3), We will describe, in general terms, 
the idealized and simplified ABC model which 
was derived from the phenotypes of five homeotic 
Arabidopsis mutants and their double mutants. 
We then demonstrate the extent to which this can 
be applied to Antirrhinum. 

113J 

The Simple ABC Model 

Arabidopsis homeotic mutants fall into three 
classes and each class affects organ identity in 
two adjacent whorls (Fig, 3). The class A mutants 
apetalal (apl) and apetaia2 {ap2) affect the first 
and second whorls such that the sepals become 
carpelloid and the petals become stamenoid. The 
class B mutants apetala3 (iip3) and pistillata {pi) 
affect the second and third whorl organs such 
that the petals become sepaloid and the stamens 
become carpelloid. The class C mutant agamous 
{ag) affects the third and fourth whorls, abolish- 
ing reproductive organ development and causing 
the stamens to develop as petals and the carpels 
to develop as sepals. Accordingly, homeotic genes 
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Antirrhinum ma^us 

Fig. 2. The structure of wild -type Antirrhinum and Arabi- 
dopsis flowers. Flowers consist of four whorls ( W): the first 
and outermost whorl is composed of sepals (s), the organs 
which are initiated first (Fig, I), The second whorl, in- 
itiated subsequently, contains the petals (p). Stamens (sf), 
initiated shortly after petals, occupy the third whorl and 
the innermost whorl comprises two fused carpels (c). The 



Arabidopsis thaiiana 

drawing shows the structure of a higher plant flower with 
four whorls of organs and is representative of the structure 
of flowers of several species including Antirrhinum^ Arabi- 
dopsiSi tobacco and Petunia. Morphological features of ma- 
ture flowers and the time scale of their development differ 
in different species, but characteristic steps are comparable 
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Fig. 3* The ABC model. Arabidopsis. Three partly overlap- 
ping homeotic functions, A (in B (in yellow) and C 

(in blue) control the identity of four organ types in the four 
floral whorls (IV). The overlap of B and C function is 
shown in green. The coloured bars in the model show the 
spatial relation between the functions in the wild type and 
in the three classes of mutants (only half of the flower re- 
presented). The Antirrhinum bars are left open on the left 
to indicate that specification of sepals is a continuation of 
the FLIP. Organ identity changes and effects on central de- 
ter minacy are shown schematically in the flower drawings. 
Although the expression patterns of the A, B and C genes 
is known to be regulated by other genes, those regulatory 



genes are not considered to be ABC genes. Inflorescence 
characters in the first whorl of Arabidopsis class A mutants 
{*), changes in organ number in their whorl 2 and develop- 
mental anomalies in whorls 3 and 4 are not depicted. The 
names of the genes classified as A, B or C-type are indi- 
cated beneath the schematic flowers. Antirrhinum. The 
drawings of Antirrhinum mutants on the right are modified 
according to the phenotype of mutants in the B and C 
functions. The mark indicates that no class A 

mutant phenotype was obtained in Antirrhinum (for dis- 
cussion see Sect. 11.3.3). The pairs APl/SQUA, AP3/DEF, 
PI/GLO and ACyPLE are MADS -box transcription factors 
with extensive amino acid sequence similarity 



define three partly overlapping developmental 
functions which control organ identity either 
alone or in combination. A alone controls sepal 
development. A and B together control petal de- 
velopment. B and C together control stamen de- 
velopment and C alone controls carpel develop- 
ment. Since A function mutants result in the out- 
er whorls assuming C-like organ identities and 
since C function mutants assume A-controlled 
identities in their inner whorls, it was proposed 
that there is mutual repression between A and C. 



Thus, class A genes exclude the C function from 
whorl 1 and 2 (the outer whorls) and class C 
genes exclude the A function from whorl 3 and 4 
(the inner whorls). 

The schematic ABC presentation in Fig. 3 dem- 
onstrates the mutual repression between the A 
and C functions and ignores the organ identity 
defect. The role of class A genes in the control of 
organ identity is revealed by formation of (car- 
pelloid) leaf-like structures rather than (carpel- 
loid) sepals in their first whorl. Such leaf-like or- 
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gans in the first whorl of the flower suggest that 
in the absence of all three functions the ground 
state of identity is a leaf. Indeed, in triple mutant 
flowers only leaf-like structures form, arranged in 
a whorled to spiral manner. 



11.3.2 

Testing the ABC Model in Arabidopsis 
and Antirrhinum 

The five Arabidopsis genes, whose loss of function 
mutants inspired the ABC model (Fig. 3) have 
been cloned. The corresponding five proteins are 
transcription factors and, except for AP2, they all 
belong to the MADS family whose numerous 
members are involved in the transcriptional con- 
trol of various developmental processes (see Sect. 
11.4.). The availability of molecular probes al- 
lowed the ABC model to be tested. Such tests 
with class B and C genes confirmed the expected 
coincidence of expression patterns with functional 
domains. In further agreement with predictions, 
in situ mRNA hybridisation showed that the tem- 
poral order of A, B and C class gene expression 
follows the order of organ initiation. Similar ob- 
servations were made with the corresponding B 
and C genes in Antirrhinum. 

Misexpression of the B and C genes in trans- 
genic plants causes the predicted changes in or- 
gan identity. B and C genes from one species can 
even be used to alter organ identity in other spe- 
cies (see Sect. 11.6.1). Very little change is ob- 
served to non-floral parts in these experiments, 
indicating that the establishment of floral identity 
is a prerequisite for floral organogenesis. Early 
flowering phenotypes are observed in transgenic 
plants expressing B or C genes during vegetative 
development, suggesting that floral organ identity 
genes accelerate activation of the FLIP pro- 
gramme in lateral shoots. 

The behaviour of class A genes cannot be gen- 
eralized. API expression agrees with predictions 
of the model: it is established early and becomes 
restricted to the two outer whorls by the time C 
is expressed. Misexpression of the C function re- 
duces API transcription in whorls I and 2 provid- 
ing the evidence that, as predicted, the inner 
boundary of API expression is controlled by the 



C function. However, the transcriptional control 
of class C gene expression by the A function 
could not be confirmed. Firstly, extension of API 
expression in a C mutant towards the centre of 
the flower does not reduce transcription of the 
mutant AG gene. Second, AP2, the second class A 
gene is expressed during vegetative development 
and subsequently in all four floral whorls and its 
expression is not influenced by C. Third, misex- 
pression of API facilitates the floral transition but 
has neither transcriptional nor functional conse- 
quence for the C function or for the identity of 
organs in the centre of the flower. These observa- 
tions show that the molecular mechanism of the 
control of the C function by class A genes is not 
simply transcriptional. Thus, the predictive value 
of the ABC model is limited with respect to the 
behaviour of class A genes and is restricted to the 
floral context with respect to class B and C genes. 

The ABC model was derived from mutant stud- 
ies in Arabidopsis incorporating information from 
morphological and genetic studies with Antirrhi- 
num class B and C mutants (Fig. 3). It is not sur- 
prising then that with respect to the B and C 
functions the model is applicable to Antirrhinum. 
Problems with the model relate to Arabidopsis 
class A genes and the A function, for which no 
mutant has yet been obtained in Antirrhinum or 
in other species. 



11.3.3 

Class A Genes and the FLIP 

API and AP2, in addition to their function as 
class A genes, are members of the FLIP and their 
mutants show defects in the specification of the 
floral meristem (see Sect. 11.2.2). Leaf-like organs 
produced in the first whorl of their mutant flow- 
ers may be interpreted as an inflorescence charac- 
ter caused by incomplete or insufficient conver- 
sion of the inflorescence meristem to floral meri- 
stem, rather than by the loss of floral organ speci- 
fication. Indeed, the inflorescence characters of 
apl and ap2 mutant flowers, but not their role in 
the regulation of the C function, disappear under 
environmental or hormonal conditions which pro- 
mote flowering. Thus, the control of specification 
of floral organs by these two genes may be inher- 
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ent to their role in the establishment of floral 
meristem identity. This can be tested by examin- 
ing class A mutants and their relation to the FLIP 
in other species. 

Interestingly, no class A mutants with organ 
specification defects are known in other plants. 
Some mutants in Antirrhinum and Petunia dis- 
play phenotypes which can be interpreted as loss 
of control over the C function. Beyond this, none 
of the mutations interfere with the specification of 
organs in the first and second whorl. It may be 
that in these and other species no flower can 
form if the floral transition is incomplete. 

Indeed, null mutants of the Antirrhinum FLIP 
genes SQUA and FLO (related to API and LFY, re- 
spectively) display characteristics of FLIP mutants 
only, and floral organ identity defects are not ap- 
parent. The mutant plants either produce inflores- 
cences in place of flowers or, if they occasionally 
flower, squa plants produce wild type-like flowers. 
Nevertheless, the transcriptional regulation of 
SQUA and FLO during flower development and 
their negative relation to the C function is similar, 
although not identical, to that of API in Arabidop- 
sis. This suggests that the genes not only control 
FLIP but have some later function in flower devel- 
opment. In fact, FLO in Antirrhinum contributes to 
the spatial control of C, as indicated by genetic 
properties of flowering weak/Zo mutant alleles. Sur- 
prisingly, LFY in Arabidopsis is not considered as a 
class A gene, because it does not seem to contribute 
to the control of floral organogenesis, other than by 
the control of floral meristem identity and subse- 
quently by activating class B genes. The third Ara- 
bidopsis FLIP gene is AP2. Mutants of AP2-reIated 
genes in Petunia, maize and Antirrhinum have no 
phenotype, suggesting that the role of this gene 
in FLIP and its influence on floral organ identity 
differs in different species. 

In summary, floral organ specification is inher- 
ent to floral determination during the FLIP and 
the A function is part of this programme. The 
mutant phenotype of Arabidopsis FLIP genes, that 
allows a separation of their role during FLIP and 
during the control of floral organ identity, seems 
unique among the species studied until now. FLIP 
genes contribute later to the control of floral or- 
ganogenesis by spatial restriction of C to the two 
inner whorls. 



11.3.4 

Class B and Class C Genes in the Control 
of Cell Division 

In addition to altered floral organ identity, B and 
C mutants have decreased or increased numbers 
of whorls, respectively. In the central region of 
the class C mutants pie (Antirrhinum) and ag 
(Arabidopsis) floral organs are continuously pro- 
duced and new flowers form (Fig. 3). This central 
indeterminacy shows that class C genes partici- 
pate in the control of the central meristem, which 
behaves like an indeterminate inflorescence meri- 
stem in the absence of the C function. AG and 
PLE are therefore late-acting FLIP genes. In the 
wild type this function allows termination of 
flower development, perhaps by arresting cell di- 
vision. The influence of the Arabidopsis C func- 
tion on organ initiation or on the rate of cell divi- 
sions is apparent in the second whorl of class A 
mutants and transgenic plants, which display re- 
duced organ number, in extreme cases absence of 
organs, due to ectopic AG expression. This defect 
is abolished by overexpression of class B genes, 
indicating that B and C are antagonistic with re- 
spect to the control of cell divisions. 

The B-C antagonism is manifested in a differ- 
ent way in Antirrhinum, In class B mutants the 
fourth whorl organs do not develop (Fig. 3). Since 
C function mutants have too many whorls and B 
function mutants have too few, it seems that the C 
function acts to terminate floral development and 
the B function acts to prevent that termination. 
The B function is not expressed in the centre of 
the floral meristem, so this effect must be estab- 
lished during third whorl development. In addi- 
tion, class B activity is necessary to maintain the 
size and characteristic shape of petals while 
ectopic expression of the class C gene PLE results 
in retarded second whorl organ development. 



11.3.5 

Differences in Antirrhinum and Arabidopsis 
B and C Functions 

The overall floral phenotypes of Arabidopsis and 
Antirrhinum homeotic mutants are comparable, 
indicating an overall similarity in the develop- 
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mental control of flower formation. However, clos- 
er inspection of morphological features of mutant 
flowers reveals differences pointing to different 
mechanisms which achieve this control. 

Only three whorls of floral organs are pro- 
duced in Antirrhinum class B mutants (Fig. 3), 
which indicates a role for class B genes in the 
control of termination of flower development (see 
Sect. 11.3.4). The phenotypes of the Arabidopsis 
class B mutants reveal this function only in com- 
bination with mutation in the SUPERMAN gene, a 
function that controls the inner boundary of class 
B gene expression (see Sect. 11.3.6). It may be 
that the control of determinacy is an integral part 
of class B functions in Antirrhinum^ while it is 
partly separable from B in Arabidopsis. 

The role of class C genes in determinacy is re- 
vealed by the double flower phenotype displayed 
by both Arabidopsis and Antirrhinum class C mu- 
tants (Fig. 3). However, this function operates in- 
side the third whorl of Arabidopsis and inside the 
fourth whorl of Antirrhinum (Fig. 3). This variance 
could relate to differences in the ontogeny of fourth 
whorl organs and to mechanisms which negatively 
control class B function in the centre of the flower. 

The mutant phenotype of pie is enhanced in 
combination with mutation in FARINELLI (FAR), 
a gene which is expressed in the inner two whorls 
and which encodes a protein with strong sequence 
similarity to PLE. While far alone has no striking 
phenotypic defects, pie far double mutants display 
increased petalody of third whorl organs and a 
complete transformation of fourth whorl organs 
into petals. This confirms that FAR is an additional 
class C component which acts in the same develop- 
mental control as PLE. Additional class C genes 
have been reported in several other species (see 
Sect. 11.4.2), but no class C genes other than AG 
have been reported from Arabidopsis. 

In summary, it seems that the detailed mecha- 
nisms underlying class B and C control in Anti- 
rrhinum and Arabidopsis differ and therefore in- 
sight into these mechanisms in one species will 
not necessarily facilitate understanding them in 
another. 



11.3.6 

The Control of Morphological 
and Gene Expression Boundaries 

The ABC model describes important spatial rela- 
tions between organ identity functions, but it 
does not provide a clue for mechanisms control- 
ling expression patterns. Transcriptional control 
of class B and C genes and the reciprocal autoreg- 
ulative control of the two class B genes, are part 
of such mechanisms (see Sect. 11.4.3). In addi- 
tion, recent results show that to control the spa- 
tial expression of the organ identity genes and to 
align them with the morphological boundaries, it 
is necessary to combine the control of homeotic 
gene expression with the control of cell division. 

In the Arabidopsis superman mutant (also 
called flo 10) additional stamens or stamen/carpel 
mosaic organs proliferate inside the third whorl, 
partly at the expense of carpel formation. The sup 
mutant phenotype disappears in a class B mutant 
background, indicating that the SUP gene controls 
the inner boundary of the class B expression do- 
main. SUPy however, is not expressed in the fourth 
whorl, thus the mechanism of this control is not a 
simple negative control of class B gene expression 
in the centre of the flower. Instead, it seems that 
the function of SUP is to prevent the proliferation 
of B-expressing cells. Effects in the fourth whorl 
in sup mutants are interpreted then as a response, 
by reducing cell division, to cell proliferation in 
the third. SUP transcription, which is localized 
within a region which partly coincides with the 
inner region of the B domain, is reduced in class 
B mutants, indicating that it is controlled by class 
B genes. Thus, the control of cell divisions at the 
boundary between the third and fourth whorl is 
reinforced by the class B homeotic function. 

Another class of genes, represented by FIMBRIA- 
TA (FIM) in Antirrhinum and UNUSUAL FLORAL 
ORGANS (UFO) in Arabidopsis, exert complex con- 
trol functions. FIM and UFO activate class B genes 
at early stages and later play a role in the alignment 
of the boundaries of B expression with the morpho- 
logical boundaries between primordia. In addition, 
in fim and ufo mutants lateral determinacy in flow- 
ers is lost and organ number is increased. Class B 
gene expression and the establishment of morpho- 
logical boundaries are not totally abolished in ufo 
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and fim mutants and overexpression of UFO does 
not interfere with boundaries or organ growth. 
This suggests that FIM/ UFO are not the only fac- 
tors involved in this control. 

UFO and FIM are F-box-containing proteins 
which interact with factors known to be involved 
in the control of cell cycle progression, by degrad- 
ation of inhibitory proteins, in yeast and mammals. 
The control of cell division by FIM! UFO resulting 
in lateral determinacy and controlled organ num- 
ber as well as the activation of B and C class genes 
might be caused by FIM-dependent degradation of 
an inhibitory factor. The dual character of FIM! 
UFO in controlling cell divisions and early organ 
identity gene expression highlights a mechanism 
by which morphological and expression bound- 
aries could be concomitantly controlled. 

11.4 

MADS-Box Factors at the Molecular Level 

Although we have discussed the importance of 
MADS-box genes in flower development, these 
genes are not confined to flowers or even to 
plants. A few MADS-box genes are also present in 
vertebrates, yeasts and flies, but it is estimated 
that a typical dicot plant might contain about 50 
distinct MADS-box genes. All the plant MADS- 
box genes studied to date, from more than 20 
species, have specific patterns of spatial and tem- 
poral expression and are thought to control plant 
development. The first functions associated with 
MADS-box genes involved defining floral organ 
or meristem identity. Subsequently, MADS-box 
genes which are expressed mainly or wholly out- 
side the flower have been isolated and these genes 
probably play a wider role in plant development. 
In this section we briefly review the relationship 
between the structure of plant MADS-factors and 
their function. 

11.4.1 

Structure of Plant MADS-Box Factors 

For descriptive purposes, plant MADS-box factors 
are divided into four regions: the MADS-box (M), 
the I-region (I), the K-domain (K) and the C-termi- 
nal region (C). This division does not imply inde- 



pendent functional elements. For example, three 
of these regions (M, I and K) contribute to dimer- 
isation of MADS-factors. The MADS-box comprises 
56 amino acids with a high degree of identity to the 
four founding members of the family (MCMl from 
yeast, AGAMOUS and DEFICIENS from plants and 
SRF from animals) in a domain which is associated 
with DNA binding. It is in this region that the most 
sequence conservation is observed when the 150 or 
so known plant MADS-box factors are compared. 
Within the MADS-box certain characteristic ami- 
no acids are present at particular positions in pro- 
teins which fulfil related developmental roles in dif- 
ferent plant species. 

MADS-box factors bind to DNA sequences 
known as CArG boxes (CC A-rich GG) as dimers 
and heterodimers and the MADS-box is the re- 
gion of the protein which is primarily involved in 
DNA binding. The presence of characteristic ami- 
no acids in the MADS-box of factors performing 
similar roles in different species could indicate 
that the sequence of the MADS-box determines 
the binding specificity of the factor. Site-selection 
experiments have demonstrated that different 
MADS-factors have slightly different DNA binding 
preferences. However, this interpretation has been 
called into question by experiments in which 
MADS domains have been swapped for unrelated 
ones (including substituting plant MADS domains 
with animal ones) with apparently little or no ef- 
fect in vivo. 

The region between the MADS-box and the K 
domain is known as the I region. The I region is 
considered to be the plant equivalent of the 
MCMl and SRF C-terminal extension of the 
MADS-box. This is a region of MCMl and SRF 
which is found immediately after the MADS-box 
and which plays a variable role in dimerization. 
Similarly, the plant I region has been shown to be 
involved in the specificity of dimerisation and 
heterodimerization of some plant MADS-factors. 

The K-domain is unique to plant MADS-box 
factors. The K-domain does not show a high de- 
gree of sequence conservation but has a series of 
hydrophobic amino acid residues that are pre- 
dicted to be positioned on one face of a helix. 
Mainly because of this feature it was suggested 
that the K-domain plays a role in protein-protein 
interaction. At least for heterodimerization of cer- 
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tain MADS-factors this has been shown experi- 
mentally. 

The amino acid sequences C-terminal to the K 
domain are known as the C-domain. The C-do- 
main is very variable with the exception of a few 
amino acids at the extreme C-terminus of the pro- 
tein, which are often conserved between MADS- 
factors performing similar roles in different spe- 
cies. It is possible that the C-domains act as tran- 
scriptional activators or repressors although ob- 
vious activation domains are lacking from most 
MADS-box factors. In yeast experiments, some of 
the plant MADS-box factors can activate transcrip- 
tion and, where this is the case, activation has so 
far been dependent on the presence of the C-do- 
main. It is also possible that the C-domain is the 
site of further protein-protein interactions, possi- 
bly with ternary factors (see below). 



11.4.2 

Protein-Protein Interaction 

DNA-binding by plant MADS-box factors was first 
demonstrated using the two Antirrhinum B func- 
tion factors, DEFICIENS (DEE) and GLOBOSA 
(GLO). DEE and GLO do not bind DNA alone but 
when mixed or synthesized together they form a 
heterodimer and bind to CArG box sequences. 
Subsequently, some plant MADS factors have been 
shown to bind DNA as homodimers, some as het- 
erodimers and some as either. 

Two-hybrid experiments to determine the pro- 
tein-protein interactions of the Antirrhinum organ 
identity genes have revealed interesting differ- 
ences in the interaction profiles of the different 
factors. DEE and GLO when screened against two- 
hybrid libraries for interacting partners identified 
only GLO and DEE, respectively. This confirms 
earlier findings that DEE and GLO heterodimerize 
and also suggests that the heterodimerization 
might be mutually exclusive. However, when simi- 
lar experiments were done with PLE a range of 
interacting partners were isolated, some of which 
were previously known (such as SQUA and 
DEEH49) and others of which were unknown 
(DEEH72 and DEEH200). All of these interacting 
partners are members of the MADS-box family 



and, to date, only one interacting factor has been 
identified which does not belong to that family. 

DEEH72 and DEEH200 belong to a class of 
MADS-box genes which are expressed at an inter- 
mediate stage in flower development; after the 
ELIP genes, but before the B and C organ identity 
genes. They are initially expressed throughout the 
developing flower and later their expression pat- 
tern becomes restricted and modified in response 
to the developmental fate of the whorls. Evidence 
obtained from cosuppression and antisense of Pet- 
unia and tomato genes related to the intermediate 
C-function interactors suggests that the C-func- 
tion requires the presence of this class of factor 
to function. It may be, therefore, that presence of 
this intermediate class is a prerequisite for C- 
function activity. 

No evidence has been obtained in any of these 
two-hybrid studies for a direct interaction be- 
tween members of the B and C classes of MADS- 
box factor. Such a direct interaction would be a 
simple way to explain the combinatorial effect of 
the overlapping expression of B and C specifying 
stamens. In the absence of such an interaction, al- 
ternative explanations for the combinatorial speci- 
fication of organ identity must be sought. 

By analogy with yeast and animal MADS-box 
factors, it was predicted at an early stage that the 
plant MADS-box factors would interact with ter- 
nary factors. These are proteins which interact 
with the MADS -factor dimers and possibly also 
with DNA adjacent to the CArG box, and which 
would modify the activity of the MADS-box fac- 
tors. So far, the search for such ternary factors 
has proved elusive. It could be that ternary factors 
are selected by heterodimers and experiments to 
identify such factors might need to use such het- 
erodimers. Alternatively, it could be that ternary 
interactions are stabilized by both partners con- 
tacting DNA and only true target genes will pro- 
vide a DNA template that will allow isolation of 
such complexes. Some direct target genes have 
been isolated (see below) and they might provide 
such an opportunity. 
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11.4.3 

Regulation of MADS-Box Gene Expression 

The expression of plant MADS-box genes is con- 
trolled by a variety of different processes including 
spatial and temporal transcriptional regulation, 
autoregulation, mutual protein stabilization, specif- 
ic heterodimer formation, intercellular transport 
and controlled nuclear localization. In addition to 
these mechanisms, other control processes which 
have been postulated include protein modification 
and protein-protein interaction with ternary fac- 
tors. 

The primary level of control seems to be tran- 
scriptional; MADS-box genes are generally ex- 
pressed at the time and place that their products 
are required (see Sect. 11.3.2). It is not known 
how this temporal and spatial control is achieved, 
although Antirrhinum and Arabidopsis mutants 
are known in which the boundaries of MADS-box 
gene expression either fail to be set up correctly 
or are not maintained properly (see Sect. 11.3.6). 
Further studies of these mutants should lead to 
an understanding of the transcriptional control of 
the organ identity genes. 

Autoregulation has so far only been shown for 
the B-function genes. In Antirrhinum a functional 
DEF gene is required for normal GLO transcrip- 
tion and vice versa. A similar situation applies for 
the AP3 and PI genes of Arabidopsis. However, 
loss of one of the B function genes leads only to 
a failure to reach wild-type levels of the other and 
not to a complete loss of expression. Expression 
of genes such as DEF and GLO is biphasic, with 
initiation of gene expression being independent of 
the other gene and later reinforcement of expres- 
sion requiring some expression of both genes. 
Further evidence for the independence of the in- 
duction of the B-function genes is provided by 
their non-identical early expression patterns. In 
Antirrhinum and tobacco DEF is expressed in all 
four whorls, although expression is strongest in 
whorls two and three, whereas GLO is mainly 
confined to whorls two and three. In Arabidopsis^ 
AP3 is expressed in whorls one, two and three 
and PI in whorls two, three and four. The effect of 
these combinations of B-function expression is to 
have overlapping expression in only two whorls. 
It may be that independent initiation and mutual 



autoregulation is a useful mechanism to define 
precise boundaries of gene expression. In addi- 
tion to autoregulation, each B-function protein 
from Antirrhinum and Arabidopsis has been 
shown to be unstable in the absence of the appro- 
priate partner. 

Recently, some MADS-box genes have been de- 
scribed which appear to be induced not by devel- 
opmental signals, but in response to environmen- 
tal stimuli. These genes include the Antirrhinum 
DEFH125 gene induced in the transmitting tract 
following pollination, the alfalfa NMH7 gene in- 
duced in roots following Rhizobium infection and 
the Arabidopsis ANRI gene, which is induced in 
roots by (N 03 )-rich soil patches and which alters 
root architecture. Interestingly, all these genes be- 
long to the same subclass of MADS-box factors. 

Another control mechanism involves regulation 
of subcellular localization. Two MADS-factors are 
known to be retained in the cytoplasm until a 
particular stage in development. Retention of a 
MADS-box factor in the cytoplasm could prevent 
it from acting as a transcription factor until it 
was allowed to enter the nucleus. Alternatively, it 
could serve to prevent another MADS-factor from 
entering the nucleus by keeping it bound in the 
cytoplasm, thus influencing the types of heterodi- 
mers which could be formed in the nucleus. It re- 
mains to be seen if this mechanism is more com- 
monly used by MADS-box factors. 

11.4.4 

Target Genes 

There are currently very few known or postulated 
target genes for the plant MADS-box factors. 
Based on what is known about these and other 
transcription factors involved in development, it 
is likely that the target genes will be a mixture of 
structural genes and genes affecting transcription 
of other targets. Within this latter class will fall 
other members of the MADS-box family. Candi- 
date target genes have been identified either by 
analysis of expression of known genes in homeot- 
ic mutants, by subtractive hybridization between 
mutant and wild type or by isolation of MADS- 
factor-associated chromosomal DNA. These genes 
include other MADS-factors (e.g., autoregulation 
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of the B function or induction of AGLl and AGL5 
by the C function), other transcription factors 
such as MIXTA and structural genes such as TAPI 
and Fill (all postulated targets of the B func- 
tion). Whilst these genes are downstream of the 
organ identity genes, it remains to be seen how 
direct the relationship is. 

Stronger evidence for direct regulation has 
been reported for some target genes. In differen- 
tial display experiments, in the presence of an 
inhibitor of protein synthesis, three genes were 
identified that seem to be specifically induced by 
the Arabidopsis B function. It remains to be seen 
exactly what role these target genes play in imple- 
menting the developmental fate defined by the 
expression in the flower of the organ identity 
genes. 



11.5 

The Organ Identity Genes in Other Species: 
Facts and Speculations^ 

How conserved and generally applicable is the 
ABC model? The model can be used as a simple 
formalism to describe organ identity alterations 
in various homeotic floral forms. For instance, 
homeotic mutants have been known in Primula 
for hundreds of years. Some of these, such as the 
double, flowered varieties, which resemble C- 
function mutants, could be easily explained in 
terms of the ABC model. In other cases such as 
Jack-in-the-green and Gallygaskins (leafy sepals; 
Fig. 4B) or Hose-in-Hose (petaloid sepals) the 
phenotypes might result from alterations to organ 
identity gene expression patterns. The Primula or- 
gan identity genes have not yet been isolated and 
so it is not known whether mutations in those 
genes or their regulators are responsible for the 
phenotypes observed. However, the overall struc- 
ture of the Primula flower is still very similar to 
that of Arabidopsis and Antirrhinum, Many plants 
do not conform to the idealized structure of a 
flower shown in Fig. 4 A and in some cases have 
been shown to differ in the expression patterns of 
the ABC genes. In this section we will consider 
what is known or can be predicted about the ex- 
pression of MADS-box genes in these plants. 



11.5.1 

The Number of Genes Involved 
in Class B and C Functions 

In both Antirrhinum and Arabidopsis two genes 
are known to contribute to the B-function which 
specifies petal and stamen identity (DEF and 
GLO, and AP3 and P7, respectively; Fig. 3). Loss of 
either of these genes causes homeotic changes to 
the petals and stamens. This is not the case in all 
plants. In Petunia^ three B class MADS-box genes 
have been reported. Loss of the GREEN PETALS 
gene affects only petal development; in gp mu- 
tants stamens develop as normal. GP is the only 
known Petunia gene to be closely related to DEF/ 
AP3 and the other two known B class genes of 
Petunia are more related to GLO/ PL It is not yet 
known how the Petunia B function factors inter- 
act to regulate floral organ development. 

The monocot maize and rice flowers differ 
from those of the dicot flowers where the organ 
identity genes where first discovered. Despite 
these differences, many MADS-box genes have 
been isolated from maize and rice, and attempts 
are currently being made to assign them to mu- 
tant phenotypes. The first maize MADS-box mu- 
tant was caused by a transposon insertion into 
one of the two known C- function-like genes 
(ZAGl). The mutant flowers were mainly normal 
in terms of organ identity but were indeterminate. 
Loss of floral determinacy is one of the character- 
istic phenotypes observed in C function mutants 
of Antirrhinum and Arabidopsis (Fig. 3). It is pos- 
sible that the organ identity and determinacy 
roles of the C function are split between two 
genes in maize. We have already seen that in 
Antirrhinum the C function is also split between 
two genes, although along different lines (see 
Sect. 11.3.5). 

11.5.2 

Class B and C Genes and Sex Determination? 

Antirrhinum and Arabidopsis flowers are her- 
maphrodite, containing both male and female re- 
productive organs. MADS-box genes have been 
studied in some species in which male and female 
flowers are separate. Examples have been studied 
of both monoecy, in which the male and female 
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Fig* 4A-F* Possible expression patterns of ABC factors in 
divergent flowers. Known or speculated alterations of 
MADS'gene expression in diverse species are shown. The 
^pes of floral organ present in the different whorls (or in- 
florescence in D) are indicated above a diagram of the sug- 
gested expression patterns of the A* B and C genes. A Cau- 
liflower, the typical ABC expression pattern* B Primula^ 
homeotic mutant Gallygaskins, which shows conversion of 
the first whorl sepals to leaves. This could possibly be ex- 
plained by a restriction of the A function to the inner three 
whorls or a delay in A- function activity causing a late con- 
version of the inflorescence to floral meristem. C RumeXy 
female flower, the stamens are aborted and the thinner C- 



function line in the third whorl indicates a reduction in C 
activity later in development of those organs* Note the re- 
striction of the B function to the third whorl which coin- 
cides with a sepaloid second whorl* D Philodendron, in this 
case it is speculated that the B function is progressively in- 
creased from the base to the tip of the inflorescence result- 
ing in an increase in maleness of the flowers formed. The 
A function is shown in the spathe for convenience and 
there is no evidence to support this. E Rumex, male flower, 
cf* to C; in this case the carpel is aborted and the transient 
expression of the C function is found in the fourth whorl. 
F Tulip, with two outer petaloid whorls could be explained 
by an expansion of the B function into the first whorl 



organs develop in different floral structures on 
the same plant (e*g„ maize), and dioecy where 
the male and female reproductive organs develop 
on separate plants (e*g*, Silene latifolia and Ru- 
mex acetosa). These two dioecious species use dif- 
ferent methods for sex determination* In both 
species, the inappropriate organs (stamens in fe- 
male flowers and carpels in male flowers) fail to 
develop, although in Silene they show a greater 
degree of development before abortion than is 
seen in Kwmex* 



Male and female Rumex flowers are shown in 
Fig* 4C and E* Genes similar to the B and C genes 
of Antirrhinum have been isolated and character- 
ized in this species* As has been observed in Petu- 
nia (see above), more than one member of the 
DBFMP3-like B class was identified although, so 
far, no GLO/PJ-like gene has been found* Interest- 
ingly, expression of the D£FMP3-like genes is 
confined to the third whorl {see Fig*4C and E)* 
This correlates with the presence in Rumex flow- 
ers of a sepaloid, as opposed to a petaloid, second 
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whorl. Expression of the C-function gene is tran- 
sitory in the reproductive organs which do not 
develop further. It is not known whether loss of 
expression of the C-function is a cause or effect 
of organ abortion. Organ identity genes have also 
been studied in Silene, In this case, the similarity 
of expression pattern of C-function genes between 
Silene and Antirrhinum suggests that the abortion 
of reproductive organs is not associated with an 
alteration or loss of organ identity. 

11.5.3 

Divergent Spatial and Temporal Flower 
Development 

Some plants have flowers which appear to be sim- 
ilar to Antirrhinum and Arabidopsis but which 
differ in the sequential order of organ develop- 
ment. For example, in pea flowers the sepal pri- 
mordia are followed by four common primordia 
which delimit a central zone from which the car- 
pel primordium will arise. The common primor- 
dia subdivide to generate separate petal and sta- 
men primordia after a period of further develop- 
ment. Other plants have very different floral 
structures. In the Arum family the flower is actu- 
ally a complete inflorescence, the spadix, partially 
enclosed by a bract-like leaf organ, the spathe 
(Fig. 4D). In some species, the individual flowers 
of the spadix are unisexual and the male and fe- 
male flowers are separated along the length of the 
spadix. In Philodendron, for example, male flow- 
ers are produced on the upper part of the spadix 
and female flowers on the lower. The transition 
between the two occurs via an intermediate zone 
consisting of sterile male flowers and bisexual 
flowers, containing male and female organs in the 
same whorl. This may imply a gradual induction 
of the B function along the length of the spadix 
as is shown in Fig. 4D. Other plants, such as 
members of the Magnoliaceae, have flowers con- 
sisting of multiple reproductive organs which 
show a gradual transition, in the opposite direc- 
tion, from male to female types moving towards 
the centre of the flower. Once again this could be 
explained by a gradient of B-function expression 
this time decreasing towards the centre of the 
flower. In contrast, the reversed position of male 



and female organs in Lacandonia schismatica 
flowers, with carpels in the third whorl and sta- 
mens in the fourth, may indicate more complex 
changes in the spatial regulation of homeotic 
genes. It will be of great interest to study the ex- 
pression of the floral homeotic genes in these di- 
vergent species. 

Tulip flowers are also composed of four whorls, 
but the whorls do not contain the same organs as 
in Antirrhinum and Arabidopsis. The first two 
whorls of tulips are composed of petal-like organs 
called tepals. Such a floral structure could be ob- 
tained if the B-function genes of tulip were ex- 
pressed in the first three whorls as is shown in 
Fig. 4F. Homeotic mutants of tulip have also been 
isolated and the phenotypes of these mutants can 
be explained in terms of the loss of either the B 
or C function. We await the isolation of the ap- 
propriate genes to establish whether the presence 
of two whorls of tepals in flowers such as the tu- 
lip is really the result of altering the spatial ex- 
pression pattern of the B function. 

MADS-box factors have also begun to be iso- 
lated from more ancient plants. To date, most of 
the characterized MADS-box genes of higher 
plants are associated with flowering and flower 
development. The characterization of MADS-box 
genes from non-flowering plants will provide in- 
formation concerning the evolution of flowering 
and may also indicate a role for the precursors of 
today’s floral homeotic factors. 

In conclusion, plants make use of similar mem- 
bers of the MADS-box gene family to perform sim- 
ilar developmental functions. The ABC model pro- 
vides an easy reference to attempt to understand 
how this works for some of the known genes. How- 
ever, within the basic framework great variation 
has arisen which probably reflects the variety of 
flower form. It is important to analyse and com- 
pare the regulation and function of MADS-box 
gene family members in a wide variety of plants 
in order to identify basic conserved functions and 
species specific differences. Changes in the pattern 
and timings of expression of the floral MADS-box 
genes could account for some of the many varia- 
tions on the theme of flowering which we see in 
our fields and gardens. 
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11.6 

Practical Applications 
of Plant MADS-Box Genes 

The prominent role of homeotic (MADS and non- 
MADS) genes in the control of plant development 
has prompted researchers to use the genes and/or 
their promoters for genetic engineering of desir- 
able economic traits of vegetables, fruits and or- 
namental flowers. A few examples are presented 
of how the use of MADS -box genes and promo- 
ters can improve fruit set and quality, seed pro- 
duction and the commercial value of ornamentals. 



11 . 6.1 

Altering Plant and Flower Structure, 

Colour and Timing of Flowering 

Colour and form both contribute to the market suc- 
cess of new flower varieties. Attempts have been 
made to use the conserved functions of the floral 
homeotic genes to alter floral organ type and num- 
ber. In GcfbcTCi, GDEFly GGLOly GAGAl and RCDl 
(related to DEF, GLO, AG and FBP2 respectively) 
were reintroduced in an antisense orientation, pro- 
ducing numerous complex changes in the flowers of 
the transgenic plants with respect to organ type. It 
may not always be necessary to isolate the endoge- 
nous genes to alter flowers of a given ornamental. 
For example, expression of AGAMOUS in GerberUy 
converted petals to staminoid structures and con- 
comitant ectopic expression of Antirrhinum DFF 
and GLO in tobacco converted first whorl sepals 
to an additional whorl of petals (Fig. 5A). Modula- 
tion of phytohormone levels is another means of 
generating new plant and flower forms, although 
effects can be pleiotropic. Such unwanted side-ef- 
fects may be avoided by using more specific pro- 
moters such as those of the MADS-box genes. 

Flowering time can also be manipulated by 
constitutively expressing genes controlling floral 
transition and determination of floral meristem 
identity (see Sect. 11.2.2). Expression of genes like 
API and LFY under the control of a constitutive 
promoter produces plants which flower much ear- 
lier than normal. Unfortunately, these transgenic 
plants are not free of side effects such as malfor- 
mations and fertility problems. 



11.6.2 

Genetic Engineering of Parthenocarpic Plants 
and Improvement of Fruit Set 

The off-season production of high-quality fruits 
and vegetables is difficult and expensive, because 
of adverse environmental conditions (low tem- 
perature, low light) which impair fertilization and 
thus fruit set and development. Also, there is a 
growing demand from consumers for partheno- 
carpic (seedless) fruits such as grapes, tomatoes, 
oranges and aubergines. Seedless fruit and im- 
proved fruit setting are often obtained by spray- 
ing flower buds with synthetic hormones, a costly 
and labour-intensive procedure. Only in rare 
cases are natural parthenocarpic mutants avail- 
able. The ability to initiate fruit set and growth 
without pollination and fertilization could cir- 
cumvent these obstacles and satisfy consumers’ 
desires. Fruit set and growth is normally stimulat- 
ed by phytohormones produced in the fertilized 
ovules. A strategy that mimics these events in the 
absence of fertilization requires elevated hormone 
production in the ovules in a temporally and spa- 
tially correct manner. To achieve this, the promo- 
ter of the ovule-specific DFFH9 MADS-box gene 
from Antirrhinum was used, in transgenic plants, 
to drive expression of a bacterial gene encoding 
an enzyme which converts tryptophan to a pre- 
cursor of indole acetic acid, the prime auxin. The 
chimeric gene was introduced into tobacco, auber- 
gine and tomato, and caused facultative partheno- 
carpy: seedless fruits developed from emasculated 
flowers and every flower set fruit. When polli- 
nated, the flowers produced normal seed-contain- 
ing fruits (Fig. 5B). Fruit even set on transgenic 
plants under adverse conditions which normally 
allow no fruit set and maturation of fruits was ac- 
celerated by 1 to 2 weeks. Crucially, the plants 
looked perfectly normal, which indicates very spe- 
cific spatial and temporal expression of the trans- 
gene. Thus, the heterologous floral promoter from 
Antirrhinumy in combination with a bacterial 
gene, seems to provide a suitable strategy for im- 
proving fruit set and producing parthenocarpic 
fruits. 
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Fig. 5 A,B‘ Commercial use of MADS -box genes. A Homeotic 
floral organ alteration of a transgenic tobacco flower. On the 
right a homeotically altered flower from a double transgenic 
tobacco plant, with first whorl sepals have been transformed 
to petals (indicated by arrows). Tne double transgenic tobac- 
co plant contains the Antirrhinum DEF and GLO cDNAs 
both driven by the CaMV 35S constitutive promoter. A wild- 
type tobacco flower is shown on the left for comparison. 
B Fruit set in transgenic aubergines without fertilization 



(parthenocarpy). Aubergines carrjring a chimeric trans- 
gene, consisting of the ovule-specific Antirrhinum DEFH9 
promoter and the bacterial iaaM gene from Pseudomonas 
syringae^ display facultative parthenocarpy: emasculated 
(male sterile) flowers produce seedless aubergines (fop); 
self-fertilized flowers of the same plant produce fruits 
containing seeds (below). For inspection, both fruits were 
cut open. The structure of the transgene is depicted at the 
bottom 



IIJ 

Outlook 

Although much has been discovered about the 
mechanisms of flower development there is still a 
great deal that is not fully understood. Future 
work will need to establish how the domains of 
organ identity gene expression are set up and 
maintained. More target genes will need to be 
identified^ eventually ending with the structural 
genes defining the different cell types which con- 
stitute the various organs. The relationships be- 
tween development and cell division and between 
gene expression domains and primordial initia- 
tion also need to be clarified. It is becoming in- 
creasingly important to study the extent to which 
basic rules, established in a few model systems, 



can be transferred to other plant species. As we 
have discussed in this chapter, many gross or 
subtle differences are likely to be found, and it is 
these differences which hold the key to under- 
standing the generation of the wide variety of 
flower forms we observe in nature. 

On a more applied front, the first uses of plant 
MADS-box genes are beginning to emerge. Since 
we currently lack an understanding of the roles of 
the vast majority of such genes it is impossible to 
predict the precise ways in which they might al- 
low us to manipulate plant development. There 
are already examples of MADS-box genes control- 
ling the architecture of flowers, inflorescences and 
roots. Future research into this family of plant 
transcription factors should greatly expand the 
molecular toolbox that we currently have at our 
disposal. 
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11.8 

Summary 

Complete flowers are composed of four different 
types of organ arranged in four concentric rings 
known as whorls. By studying homeotic mutants, 
in which the organs of one floral whorl adopt the 
identity of organs belonging to a different whorl, 
it has been possible to identify several of the 
genes responsible for conferring organ identity. 
This chapter reviews current models for the de- 
termination of plant organ identity based on com- 
binatorial interactions of homeotic genes and dis- 
cusses differences in the control mechanisms 
comparing different species 

Most of the floral organ identity genes encode 
members of a conserved family of transcription 
factors, the MADS-box factors, which are exten- 
sively found within the plant kingdom. We review 
the features of plant MADS-box factors and show 
how difference in regulation of these genes could 
explain some of the observed diversity of floral 
forms. Finally, future directions and biotechnolog- 
ical uses of these developmental control genes are 
identified and discussed. 
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12.1 

Introduction 

The sedentary nature of plants has resulted in the 
development of sophisticated mechanisms of en- 
capsulation and dispersal of their zygotes. Seed 
development and dispersal are not necessarily 
concurrent, and are often events favoured by dif- 
ferent physiological circumstances. Seed develop- 
ment occurs typically when the plant is synthesiz- 
ing a surplus of metabolites, whereas seed disper- 
sal often occurs towards the end of the life span 
of annual plants, when nutrient supply and/or 
water is limited. Seed production has as a prere- 
quisite the process of fertilization. As the majority 
of plants are self-incompatible or otherwise out- 
breeding, this involves pollination by an insect or 
physical vector. Dispersal mechanisms in most 
cases also utilize wind or animal vectors. These 
requirements have resulted in the process from 
pollination through seed maturation to dispersal 
being a repetitive, multistep programme, environ- 
mentally adaptive and variable in duration. The 
adaptability of the process of population spread 
through seed dispersal has undoubtedly been vital 
in contributing to the success of the angiosperms 
in contrast to lower plants which are restricted to 
water-based sexual reproduction mechanisms. A 
second vital component has been the development 
of desiccation tolerance in the seed, and a further 
key factor is the advantage afforded to the zygote 
on germination by the nutritive storage tissues of 
seeds. 



12.2 

Differentiation of the Endosperm 

12 . 2.1 

Determination of Endosperm Cell Types ^ 

The major order of land plants, the Angiosperms, 
consists of two classes, monocotyledons, having a 
single leaf-like structure (cotyledon) in the em- 
bryo, and dicotyledons, which have two cotyle- 
dons. Besides differences in embryo development 
(see also Chap. 8), different seed tissues are used 
in each case for the storage of nutrients. Angio- 
sperm seeds arise as a result of a unique double 
fertilization event. Pollen tubes contain two hap- 
loid sperm nuclei, one of which fuses with the 
egg cell to give rise to the embryo. The second 
sperm nucleus fuses with two haploid polar nu- 
clei in the central cell to form a triploid cell line- 
age, the endosperm. Thus, loci expressed in the 
endosperm show dosage effects reflecting 0 to 3 
copies of any given allele. In most cases, alleles 
are expressed codominantly irrespective of the 
parent-of-origin, but there are examples of puta- 
tively imprinted loci. In the monocot seed, the en- 
dosperm is the main storage tissue. The endo- 
sperm is thought to have evolved from a fertiliza- 
tion process which resulted in more than one em- 
bryo per ovule (supernumerary embryos). In the 
course of this evolution, one supernumerary em- 
bryo has presumably assumed the nurse tissue 
role previously carried out by the maternal nucel- 
lus. As the endosperm has genetic contributions 
from both parents, in outbreeding plants it may 
be subject to hybrid selection. 

The endosperm is the principal site of synthe- 
sis and deposition of the major cereal seed re- 
serves, starch and storage proteins. In the mature 
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monocot seed, the mobilization of endosperm 
storage products on germination occurs via the 
release of hydrolytic enzymes from the aleurone 
layer and the scutellum. The scutellum is a layer 
of filial tissue surrounding the coleoptile, which is 
also specialized for hydrolytic enzyme release 
during germination. The aleurone is the outer cell 
layer of the endosperm. It consists of a single cell 
layer in maize, but may be two or three cell layers 
thick in other monocots. The aleurone is distinct 
from the central endosperm in several respects: it 
expresses a different set of genes, and it retains 
the ability to synthesize RNA and protein on im- 
bibition of mature kernels. In contrast, the central 
endosperm is an end-cell tissue, apparently un- 
able to differentiate into another tissue type, and 
usually not viable after seed maturation. 

In the majority of dicots, such as in Arabidop- 
szs, the major protein and carbohydrate reserves 
are located in the cotyledons, and are hydrolyzed 
by enzymes released there, and not from scutellar 
or aleurone sources. Development of the embryo 
occurs at the expense of the endosperm, which 
atrophies, and usually ceases to be metabolically 
active well before seed maturity, although there 
are examples of viable endosperms in dicots, such 
as that of tobacco, which participate in releasing 
enzymes for seed coat rupture during germina- 
tion. 

Monocot endosperm development has been di- 
vided into a series of stages following fertiliza- 
tion. The following description and remainder of 
the chapter will take maize as an example typical 
for most cereals. The triploid endosperm nucleus 
undergoes a series of rapid divisions without ac- 
companying cell division, to give rise to a coeno- 
cyte of up to 1000 nuclei after 72 h (coenocytic 
phase). During this phase, phragmoplasts, which 
normally predict planes of cell division, are some- 
times detectable, but are not converted to cell 
plates, and subsequently disappear. The nuclei are 
equidistant from one another, due to the organi- 
zation of surrounding cytoplasm into nucleo-cyto- 
plasmic domains (NCDs), in which the nuclei 
function as microtubule- organizing centres. How- 
ever, by this stage, basal (chalazal) and distal 
(micropylar) endosperm domains are already dis- 
tinguishable. This polarity in endosperm develop- 
ment may be conferred on the first division prod- 



ucts of the primary endosperm nucleus by one or 
more maternal components (Fig. 1). In the cellu- 
larization phase which follows (3-5 days after pol- 
lination, dap), cell wall formation occurs. Cell 
wall growth is uncoupled from cytokinesis, and 
takes place by the growth of internuclear lamellae 
with their origin on the maternal embryo sac 
wall, between neighbouring nuclei. The result is a 
single layer of elongated cells (also termed alveo- 
li), surrounding a large central vacuole. Alveolar 
cells divide by the formation of periclinal cell 
plates separating an inner layer of nuclei (which 
become the central or starchy endosperm initials) 
from an outer layer of nuclei, adjacent to the em- 
bryo sac, which form the aleurone initials. In the 
subsequent differentiation phase (6-12 dap), peri- 
clinal cell divisions occur in the starchy endo- 
sperm initials to give rise to files of cells of in- 
creasing age towards the centre of the endosperm, 
and replacing the central vacuole in the process. 
Cellularization proceeds more rapidly at the cha- 
lazal (basal) end of the endosperm cavity. The 
aleurone initials undergo anticlinal divisions to 
give a single-cell outer layer within the endo- 
sperm cavity. This latter process is disrupted in 
the crinkly4 (cr4) mutant of maize, in which 
aleurone cells are present only in patches. Cr4 en- 
codes a putative membrane-spanning receptor ki- 
nase, with an extracellular domain related in se- 
quence to the mammalian epidermal growth fac- 
tor receptor. The cr4 mutant exhibits alterations 
in leaf epidermis morphology as well as patchy 
aleurone development, implying common signal- 
ling processes for the differentiation of both cell 
types, although the precise role of the Cr4 gene 
product is unknown. It has been suggested that 
the aleurone initials may be programmed by an 
interaction of the Cr4-encoded kinase with a 
(peptide) ligand released from the surrounding 
embryo sac cells. The site of localization of CR4 
protein in the endosperm initials is thus of great 
interest. The aleurone cells adjacent to the pedicel 
are modified to form transfer cells, i.e., cells spe- 
cialized for a role in solute transfer. A similar 
morphological change extends into adjacent cen- 
tral endosperm cells in maize, and is observed in 
nearby maternal cells in some other cereals. 

Recently, it has proven possible to fuse maize 
sperm and central cells in vitro. The isolated fu- 
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Fig* 1 a-d. Scheme of cereal endosperm development, a The 
primary endosperm nucleus is located at the micropylar 
end of the embryo sac* b Free nuclear divisions result in a 
syncytium surrounding a large central vacuole* The spacing 
of nuclei is determined by microtubular arrays, c Cellular - 
ization arises from wall ingrowths to form anticlinal cell 



walls* d The first periclinal cell divisions give the (external) 
aleurone initial and (internal) starchy endosperm initial 
e^f Fully cellularized endosperm consisting of files of cells 
of increasing age towards the centre, and a single aleurone 
cell layer at the periphery 



sion products undergo rapid nuclear divisions 
and further development strikingly similar in tim^ 
ing and extent to that of endosperm growing in 
vivOj including a similar pattern of cellular ization^ 
and formation of two distinct domains, similar to 
the helobial endosperm observed in some species, 
and reminiscent of the embryo -suspensor struc- 
ture* Thus it appears that polarity determinants 
interpreted during endosperm development are 
present in the central cell prior to fertilization. 
Fertilization-independent endosperm (fie) and fer- 
tilization-independent seed (fis)y Arabidopsis mu- 
tants have been isolated in which an endosperm- 
like tissue arises from the central cell in the ab- 
sence of fertilization, confirming the degree of 
autonomy of the central cell at this stage* 
Embryos inheriting a maternal fie allele abort, 
whereas inheritance of a pollen-derived fie allele 
is without phenotype* FIE is therefore essential 



for egg cell development, but normally represses 
endosperm development in the absence of pollina- 
tion, suggesting the central cell and the egg cell 
interpret the same signal differently* The identifi- 
cation of FIS 2 as Pofycomb-Vikei protein is consis- 
tent with a role as part of a repressor of zygote 
development prior to fertilization* 

12 . 2.2 

Pomains of Gene Expression^ 

The development of the endosperm can be sum- 
marized as the establishment of a number of mul- 
ticellular domains of gene expression, such as that 
formed by the central or crown cells, the aleu- 
rone, and the transfer layer* The process of do- 
main formation can be monitored by in situ hy- 
bridization using marker genes specific for indi- 
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Fig. 2a-d Domains of gene expression in the developing 
maize kernel. = Embryo surrounding region, (Opsanl 
Fersiad et al. 1997). a 15 dap maize kernel was sectioned 
longitudinally and hybridized with digoxigenin-labelled 
antisense RNA to (1) BETI-/ (detected with Fast Red TR) 
and to (2) a 22-kDa zein gene (detected with Fast Blue B), 
The section was counterstained with Safranin O* b 15 dap 
maize kernel longitudinal section hybridized with digoxi- 
genin-labelled antisense RNA to pyruvate orthophosphate 
difcinase {PODK)j and detected with Fast Blue B. Signal is 

vidual domains. Using this technique, genes ex- 
pressed in the basal transfer layer show a gradient 
of expression from the pedicel-proximal cells to- 
ward the central endosperm reflecting the extent 
of cell wall modification. This cell layer is particu- 



Partcorp 




visible in the crown endosperm cells but is absent from the 
single cell aleurone layer and the outer pericarp (staining 
pink with the Safranin counterstain), c Longitudinal section 
of 12 dap maize kernel hybridized with fluorescein-labelled 
antisense RNA to Esraly and detected with NBT/BCIR 
Signal (black staining) is located surrounding the suspensor 
and basal embryo (ESR region). The embryo and pericarp 
are revealed with Azure B counterstain (Opsahl Ferstad et 
al. 1997, permission Plant J 12:235. d Scheme of domains of 
gene expression in the developing maize kernel 

larly active during early to midterm endosperm 
development (8-20 dap) in supplying solutes to 
the crown or central endosperm region for stor- 
age product accumulation. In situ hybridization 
has also revealed the Embryo Surrounding Region 
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(ESR) dornain> in maize {Fig. 2), surrounding the 
suspensor and developing embryo. The function 
of these cells is unclear, but may have to do with 
nourishing the embryo or regulating phytohor- 
mone gradients around the embryo. 

The distal region or crown endosperm domain 
is the site of synthesis of the major storage re- 
serves; starch and prolamin proteins, during the 
maturation phase. These cells contribute most of 
the final volume of the endosperm and are the 
site of reserve deposition from 12 dap up to grain 
maturity 

During the maturation phase, cell divisions 
cease in the endosperm, but DNA replication con- 
tinues in the central endosperm cells, resulting in 
non-specific endoreduplication of the nuclear ge- 
nome. The passage of mammalian cells through 
the G1 phase of the cell cycle is controlled by the 
retinoblastoma protein (Rb). An Rb homologue 
has been isolated from maize which correlates in 
its expression with the onset of endoreduplication, 
and may regulate the endosperm cell cycle during 
this period. 

12,23 

Re§ulation of Aleuiotie (jeite Expression^ 

The best-characterized system of gene regulation 
involving cells of the triploid endosperm lineage 
is that governing anthocyanin synthesis in the 
aleurone layer, due to the ready visual screening 
of a series of mutants. Anthocyanins are a class 
of flavonoid pigments implicated in conferring 
pathogen resistance in the tissues in which they 
occur. The anthocyanin -regulatory loci operating 



in maize aleurone. Cl and R, are representatives 
of the Myb and bHLH transcription factor fami- 
lies, respectively The two factors interact on the 
same target promoters and genetic evidence sug- 
gests they he tero dimerize in vivo, although only 
Cl protein binds to DNA directly The binding 
sites through which Cl and R act on the Bronze-2 
(Bz2) promoter have been mapped (Table 1). 
They consist of clusters of two interspersed, func- 
tionally redundant repeats (Cl -motif: TAACTG, 
R- motif: CACGTG), The motif CACGTG is recog- 
nized by G-box-type plant bZIP transcription fac- 
tors, and although none has been identified as 
playing a role in aleurone gene regulation, an 
association of a bZIP factor with Vpl protein is 
known (see later). The role of R in transcriptional 
activation is not clear, as it does not appear to 
possess its own activation domain, in contrast to 
CL It may contribute to a multisubunit Cl -com- 
plex containing Cl and other factors, which in- 
cludes a functional activation domain. A further 
regulatory gene. Viviparous 1 (Vpl)i is involved in 
both the regulation of anthocyanin biosynthesis, 
and in the acquisition of seed dormancy, in which 
its action depends on presence of the phytohor- 
mone abscisic add (ABA). VPl is expressed in 
both the aleurone and in the maturing embryo. 
Molecular analysis of Vpl protein has shown it to 
represent a novel class of transcription factor, 
which interacts with DNA as part of a multicom- 
ponent complex. Vpl is homologous to the Arabt- 
dopsis locus abI3, mutations at which display 
aberrant seed development and germination, due 
to reduced ABA-responsiveness. VPl activates the 
promoter of the anthocyanin -regulatory gene Cl 



Table 1. Transcription factors regulating endosperm and aleurone-spedfic expression 



Site of action/ factor 


Target sequence 


Reference 


Aleurone-spedfic 


Cl 


C/CTAACG/TG 


Bodeau and Walbot (1996) 


R 


CACGTG 


Bodeau and Walbot (1996) 


Vpi 


CGTCCATGCAT 


Kao et al. (1996) 


? 


CAA/NjVTGG 


Leah el al. (1994) 


7 


“RY” (CATGCATG) 


Dickinson et at (198S) 


Cent ml endosperm 


Opaque-2 


TCCACGTAGA 


Schmidt et a). (1990) 


GATGAC/TG/ATGG/A 


Lohmer el al. (1991) 


Prolaminbox-binding factor 


TGTAAAG 


Vicente-Carbajosa et aL (1997) 
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at the Sph-box, an RY-motif containing sequence. 
The RY motif, consisting of alternating pyrimi- 
dine and purine bases (in this case CATGCATG) 
is also implicated in the regulation of seed-specif- 
ic expression in cotyledons of the dicotyledonous 
species Phaseolus vulgaris, where this site is 
bound by a bZIP factor, PvALR Interestingly, the 
Cl promoter can only be activated by VPl in 
transient expression using seed-derived cells, indi- 
cating that a further, seed-specific factor, is in- 
volved in the Sph-box-mediated interaction. 

In order for full aleurone colour to develop, ex- 
posure to light is also needed, and Ci -activation 
is also light-dependent. This aspect of Cl promoter 
regulation is mediated by a further cis element, dis- 
tinct from the Vpl -responsive site. More recently, 
cis elements responsible for aleurone-specific ex- 
pression have also been identified directly, in trans- 
formed rice and in barley aleurone. In general, the 
factors described above, which regulate aleurone 
gene expression, appear not to be involved in con- 
trol of central endosperm gene expression. A few 
loci have been identified as being involved in the 
differentiation of the aleurone layer. These include 
the crinkly4 (cr4) locus, a trans-membrane kinase 
mentioned in Section 12.2.1, which has uneven 
deposition of aleurone cells, defective endosperml 
(dekl) and dappledl (dapl). Whereas dekl mu- 
tants lack aleurone, in dapl the aleurone layer is 
present only in patches. Multiple aleurone layer for- 
mation in maize also appears to be conditioned by a 
single dominant locus, mal 

12.3 

Regulation of Solute Transfer into the Seed: 
Role of the Transfer Layer 

Endosperm development is crucially dependent 
on nutrient supply from the mother plant. The 
cereal seed receives nutrients principally from 
phloem terminals located in the maternal pedicel. 
In maize, phloem sap passes through several ma- 
ternal cell layers before entering the endosperm 
transfer layer at the base of the kernel (Fig. 2). 
There are no plasmodesmatal connections be- 
tween the basal endosperm transfer layer and the 
maternal chalazal cells and consequently only ex- 
tracellular apoplastic fluid transfer across the cha- 



laza/endosperm junction is possible. Undoubtedly, 
the bulk of the solutes enter the endosperm cavity 
via this route; however, there is also a small con- 
tribution from the pericarp surrounding the seed. 
Furthermore, early during development, the em- 
bryo receives nutrients via the suspensor, which 
attaches the base of the embryo to the embryo sac 
wall (surrounded by ESR domain in Fig. 2). 

The contribution of the transfer layer to seed 
development can be deduced from the phenotype 
of mutants in which these cells are defective, such 
as miniature 1 (mnl). In this mutant, a transfer 
cell-specific cell wall invertase is greatly reduced 
in concentration, which results in a reduction in 
starch deposition in the endosperm by up to 70%. 
The analysis of mnl revealed it lacks not only cell 
wall-bound invertase from the transfer cell-specif- 
ic incv^2 locus, with which it cosegregates, but 
also has a much-reduced soluble invertase con- 
centration, the product of separate genes. Possi- 
bly, mnl may be a regulatory mutant, or as these 
authors have proposed, low sucrose flux caused by 
the lack of Incw2 gene product may downregulate 
the other invertase genes by some form of sugar 
sensing. If such sugar sensing does operate, one 
can predict that many mutants affecting starch 
synthesis in crown endosperm may have feedback 
effects on transfer cell development. 

mw-class mutants also lack a suberized cell 
layer in the adjacent (maternal) chalaza, possibly 
due to increased sucrose accumulation in the pla- 
centochalaza, which could interfere with cell wall 
biosynthesis. The miniature-type mutant reduced 
grain filling, rgf, which has a similar phenotype 
(M. Maitz, pers. comm.), has reduced starch accu- 
mulation despite normal invertase levels, and 
therefore defines another rate-limiting process in 
sucrose assimilation in the transfer layer. 

A series of genes specifically expressed in the 
fcasal endosperm transfer layer (BETL-1 to -4) has 
been isolated (G. Hueros and R. D. Thompson, un- 
publ.; Table 2). The BETL genes so far character- 
ized all encode small, (lOkDa or less), predomi- 
nantly extracellular, cysteine-rich polypeptides. 
The defensin-like sequences of certain BETL pro- 
teins suggest they may protect the developing ker- 
nel against pathogen ingress from the maternal 
tissues of the cob. As defensins can form ion- 
permeable channels in lipid bilayers, this raises 
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Table 2. Properties of genes expressed specifically in the basal endosper 


m transfer layer 




Basal endosperm- 
specific gene 


Coding sequence 
(kDa) 


Size of mature 
polypeptides (kDa) 


Location 


Sequence type 


BETL-I 


9.2 


7.4 


Cell wall 


Defensin-like, 
extensin motif 


BETL-2 


10.2 


8.2^ 

5,5 


Cell wall and 
cytoplasmic vesicles 


Weak homology to 
a cobra venom toxin 
family 


BETL-3 


8.7 


6,9 


? 


Defensin-like 


BETL-4 


12.0 


10.3 


? 


Weak homology to 
Bowman -Birk trypsin/ 
«-amylase inhibitors 


BETL-5 


10.5 


7.9 


? 


? 



the possibility that BETL proteins might alter the 
properties of transfer cell plasma membranes and 
thus facilitate solute transfer. The BETL tran- 
scripts are first detected at 7-8 dap in the most 
basal cell layer (modified aleurone), and increase 
in concentration until about 12-15 dap^ thus 
matching the timing and distribution of the 
transfer cell modification. A striking aspect of 
basal transfer cell physiology is their transient na- 
ture. The transfer cells start to lose their cytoplas- 
mic contents after about 12 dap, and do not di- 
vide further; in late endosperm development be- 
coming passive vessel-like elements in the path of 
solute transfer. Both BETL transcriptSj and the 
BETL proteins for which antibodies are available, 
decline in concentration from 12 dap onwards, be- 
coming undetectable by 25-30 dap. This contrasts 
with the maintenance of high zein mRNA concen- 
trations in crown endosperm at >30 dap. The bas- 
al transfer cells may be subject to programmed 
cell death (PCD), as reported for tracheary ele- 
ment cellSj which also provide vessels for solute 
transfer. PCD may be initiated by a signal arising 
from the extensive plasmalemma and cell wall 
modifications. Evidence for PCD has also been re- 
ported for central endosperm cells approaching 
kernel maturity. 

The factors conferring cell-type specificity on 
BETL promoters remain to be identified. As the 
transfer cell layer appears ontologically to be 
modified aleurone, one possibility is that loci 
such as cr4, dapL or dekU which affect aleurone 
development (Section 12,2.3), might be involved. 



12,4 

Regulation of Storage Product Accumulation: 
Role of the Central Endosperm 

12 AT 

Mutants Affecting Storage Protein Deposition^ 

Storage product accumulation begins around 
14 dap in the central endosperm, and continues 
until metabolic activity is prevented by desicca- 
tion at seed maturity (after 40 dap). Starch is de- 
posited in modified plastids, the amyloplasts. At 
maturity, the bulk of the endosperm consists of 
starch granules {15 /^m in diameter). Mutations 
affecting endosperm starch or protein synthesis 
generally alter kernel appearance and are readily 
screened on a segregating ear. Loci responsible 
for the major enzymes of starch biosynthesis have 
been identified in this way. The isolation of the 
corresponding genes has been facilitated in many 
cases by transposon tagging. 

Maize storage proteins are laid down in protein 
bodies which develop in the lumen of the endo- 
plasmic reticulum. The major storage proteins in 
maize are the alcohol-soluble prolamins, termed 
zeins. Zeins are classified according to size into a, 
(iy yy and <5-species, and the most abundant class, 
the u-zeins, comprises the products of a large 
multigene family clustered in at least three loci, a- 
zeins fall into two size classes, the 22-kDa and the 
19-kDa zeins. A reduction in zein accumulation 
typically results in an opaque kernel appearance. 
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as opposed to the vitreous wild type. Interest in 
the opaque class of maize mutants has been 
fuelled by the finding that opaque-2 kernels con- 
tain significantly elevated amounts of the essential 
amino acid lysine. Molecular analyses of several 
opaque-cleiss mutants are now underway, and a 
summary of the characteristics of mutants affect- 
ing zein accumulation is shown in Table 3. 
Opaque-2 encodes a bZIP transcriptional activa- 
tor, which is needed for the synthesis of members 
of the 22-kDa zein class and for the synthesis of a 
number of other proteins of diverse function 
(Table 4). Interestingly, a number of non-zein 
proteins are synthesized in increased amounts in 
the opaque-2 mutant (Table 4). One of these, 
EF-la, is of particular interest as it has previously 
been shown to associate with the cytoskeleton. 
Immuno cytochemistry shows that EF-la and 
actin co-localize, both surrounding protein bodies 
in developing maize endosperm. It has been sug- 
gested that defective protein body formation re- 
sults in changes in the levels of cytoskeleton-asso- 
ciated proteins, such as EF-la. A tentative conclu- 
sion drawn from this is that the location of pro- 
tein bodies may be determined by interactions 
with the cytoskeleton. This is supported by stud- 
ies in rice endosperm which demonstrated that 
prolamin mRNA is attached to protein body 
membranes via a cytoskeleton-associated binding 
site. 

12.4.2 

Transcriptional Regulation 
of Storage Product Deposition^ 

Comparison of the promoters of genes expressed 
in cereal endosperms revealed the existence of a 
common bipartite motif, termed variously the 
-300, prolamin or endosperm box, which was 
necessary to confer endosperm-specific expres- 
sion in transgenic tobacco. The endosperm box 
binds at least two discrete factors, one at the 
GCN4 box, the other, PBF (prolamin box binding 
/actor), binding to the endosperm motif or prola- 
min box (Table 1). In maize, the GCN4-motif is 
bound in vitro by purified Opaque-2 protein, 
although a stronger binding site is located a few 
base pairs 3' of the conserved endosperm box. In 



wheat and barley however, bZIP factors closely re- 
lated to Opaque-2 interact with the GCN4 box to 
activate transcription in transient assays, and ap- 
pear to be good candidates for being the GCN4- 
binding factor, or at least a component of it. Both 
02 and PBF are expressed exclusively in develop- 
ing endosperm. 02 and PBF proteins can also in- 
teract directly with one another in vitro in the ab- 
sence of their target sites, and removal of PBF- 
binding sites reduces promoter-responsiveness to 
Opaque-2, suggesting an interaction between the 
two factors is also important in vivo. 02 and PBF 
are not expressed until 10 dap, i.e. endosperm- 
specific gene expression up to that point is pre- 
sumably regulated by other factors. More recent 
work suggests that at least one further trans-act- 
ing factor, possibly a Myb-class protein shown to 
interact with the sequence AACA, may also be re- 
quired to confer endosperm-specific expression in 
transgenic cereals. Expression in basal endosperm 
cells (see previous section) does not appear to re- 
quire the presence of PBF/02, as BETL-1 to -4 
transcripts appear prior to PBF/02 expression, 
and the transcripts decline when PBF and 02 are 
still highly expressed. Furthermore, Opaque-2 
mRNA was not detected by in situ hybridization 
in the basal endosperm cells. 

The possible evolutionary origin of the endo- 
sperm as a supernumerary embryo, and the devel- 
opment in vitro of heliobal endosperm structures 
resembling the embryo-suspensor entity, point to 
parallels and possible overlaps between embryo 
and endosperm gene expression. In the cereals, 
where endosperm function as a storage tissue is 
highly developed, the proportion of transcripts 
expressed in both embryo and endosperm tissues 
is probably lower than in dicots. In ArabidopsiSy 
for example, the globulin storage proteins are ex- 
pressed in both cell types. Loci expressed in both 
compartments have also been identified geneti- 
cally. In maize, a large class of defective kernel 
(dek) mutants has been isolated, some of which 
affect either the endosperm or the embryo alone, 
but others affect both cell types. Two cloned mu- 
tants of the class affecting both embryo and en- 
dosperm are sugary-1 (sul) and discolored (dsc), 
both of which act early in endosperm develop- 
ment. The embryo-defective (emb) class of mu- 
tants display embryo defects, but are unaffected 
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Table 3* Some features of mutants affecting ztin accumulation^ 


Locus 




Inheritance 




Effect on 


zein accumulation 


optiiftte-2 

itpaifut'-6 

optitpie-7 

opui^ue- 15 
floury- 2 

iiefet'tive Endosperm H30 (de"830) 

miicronate (Md) 

zprlOnil) 


Recessive 

Recessive 

Recessive 

Recessive 

1 >osage -dependent 

Dominant 

Dominant 

Recessive 




22-kPa ^i-zein elimination 
20'kDa fj-zein reduction 
General reduction 
General reduction 
Reduction in ; -zein 
General reduction 
22-kDa reduction 
General reduction 
10-kl)a zein reduction 


Table 4* Proteins whose accumulation is affected by the opaque-2 (o2) mutation 


Protein 


Function 


Up/down 

regulation 


Transcriptional 


Reference 


22-kDa zein 


Storage protein 




Yes 




Soave and Salamini (1V84) 


b 32 


Type 1 ribosome- 
inactivating protein 


1 


Yes 




Hass ei al. (1992) 


b-70 


HSC70 homologue 


i 


No 




Marocco et al. (1991 ) 


Cytosolic PPDK 


Amino acid 
interconversions? 


j 


Yes (?) 




Gallusd et aL (1996), 
Maddaloni et al. (1996) 


Aspartate 

aminotransferase 


Amino acid 
interconversions 


1 


? 




Habben et aL (1993) 


Aceto hydroxy -acid 
synthase 


Synthesis of branched 
cnain amino acids 


1 


? 




Damerval and Le Guilloux 
(1998) 


Glyceraldehyde 
3 P- dehydrogenase 


Stress -induced 
glycolysis 


T 


? 




Damerval and Le Guilloux 
(1998) 


Aspartic proteinase 
precursor 


Proteolysis during 
germination? 


T 


> 




Damerval and Le Guilloux 
(1998) 


Lysine ketoglutarate 
reductase 


Lysine catabolism 


i 


7 




Brocheito- Braga et al. (1992) 


Aspartate kinase 


Lys, Met, Thr synthesis [ 


? 




Brennecke et al* (1996) 


Elongation factor bj 


Translation, mRNA- T 

cyioskeleton association? 


7 




Habben et al. (1993) 



in endosperm development Finally^ there are also 
dek mutantSj which have abnormal endosperm 
but exhibit normal embryo development* Some of 
these presumably reflect functions acquired by 
the endosperm during embryo-endosperm diver- 
gence* Both the two factors implicated in confer- 
ring endosperm- specific expression* 02 and PBF, 
are expressed exclusively in endosperm* 

The activation of 02/PBF expression coincides 
with the onset of the maturation phase, and may 



be triggered by the commensurate alteration in 
phytohormone (auxin/cytokinin) balance (Sec- 
tion 12.4*3)* There is evidence suggesting 02 may 
be a positive autoregulator; thus very low concen- 
trations of 02 protein arising from 02 promoter 
activity in the absence of 02 or other specific 
trans-activators may be sufficient to initiate the 
maturation phase in endosperm cells without the 
need for a specific activator, if there is endo- 
sperm-specific demethylation of target genes* In- 
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terestingly, the binding of Opaque-2 to its target 
site on the Opaque-2 promoter is to a large degree 
methylation-insensitive. By comparison, zein genes 
are demethylated preferentially in endosperm DNA, 
compared to embryo DNA, a change which has oc- 
curred already by 8 dap, although zein transcripts 
are not detected until 5 days later. The precise tim- 
ing of this demethylation event is not yet known, 
but zein genes in pollen DNA are still heavily 
methylated. There is evidence for parent-of-origin 
effects on demethylation, and expression of specif- 
ic a-tubulin alleles, indicating that parental im- 
printing can also determine activity of endosperm 
genes. Endosperm development is also affected by 
the ratio of paternal to maternal genome comple- 
ments in its formation, which may be due either 
to parent-of-origin effects or gene dosage. 

12.4.3 

Regulation by Phytohormones and Nutrient Supply^ 

The differentiation phase between 6 and 1 1 dap is 
also characterized by a dramatic change in the 
[auxin]/[cytokinin] ratio, a sharp drop in [cyto- 
kinin] being accompanied by accumulation of 
auxin synthesized in the endosperm. A maize mu- 
tant in which kernel auxin concentration is re- 
duced by 90% is delayed in storage protein accu- 
mulation by several days. Application of the syn- 
thetic auxin 2,4-D can induce precocious zein 
gene expression in wild type kernels at 8-9 dap 
instead of the usual 12-14 dap. The mechanism of 
auxin action on zein gene activation is unknown, 
but might reflect an effect on cell elongation, an 
auxin response well known from other systems. 
Apart from these observations, clear evidence for 
phytohormone regulation of endosperm gene ex- 
pression is scanty. In vitro culture experiments 
indicated zein and b-32 accumulation could re- 
spond to methyl jasmonate treatment and, to a 
lesser degree, to ABA and cytokinin; however, a 
dependency on ABA comparable to that seen for 
dicot storage protein accumulation was not seen. 

In addition to genetic and phytohormone con- 
trols, storage product accumulation in the endo- 
sperm is regulated by supply of the nutrients su- 
crose and amino acids. Recently, evidence was ob- 
tained for a coordination of starch and storage 



protein synthesis. Genetic lesions affecting either 
starch synthesis or storage protein accumulation 
affected transcript amounts for genes involved in 
both pathways. Although the mechanism is not 
understood, there are indications from experi- 
ments using the non-metabolizable sugar manni- 
tol that one factor in pathway cross-talk may be 
an osmotic effect, rather than concentrations of 
one specific metabolite. 

12.4.4 

Development of Desiccation Tolerance^ 

Late kernel development is dominated by adapta- 
tions for desiccation tolerance. Programmed de- 
siccation of both endosperm and embryo occurs, 
however, only the embryo and aleurone acquire 
desiccation tolerance and retain viability at seed 
maturity. This process is accompanied by the syn- 
thesis of /ate embryo abundant (LEA) proteins, 
which are thought to possess desiccation-protec- 
tive functions in protein and membrane stabiliza- 
tion, or the synthesis of low molecular weight os- 
moprotectants. LEA transcripts first appear at ca. 
20 DAP, and are inducible in culture by addition 
of ABA. Desiccation tolerance is linked in its reg- 
ulation to other aspects of seed development, 
such as dormancy, in that these processes involve, 
among other determining factors, ABA. ABA-defi- 
cient or -insensitive mutants do not acquire desic- 
cation tolerance, and are viviparous, i.e., have lost 
dormancy. 

Comparison of LEA gene promoters reveals a 
number of conserved sequences, such as the ABA- 
responsive elements and Sphl boxes. The ABA-in- 
sensitive maize mutant vpl gene encodes a tran- 
scription factor which needs the presence of Sphl 
boxes on its target promoters for its action, bind- 
ing there as a complex with other unidentified fac- 
tors. VPl protein is expressed in both the aleurone, 
where it additionally regulates anthocyanin pig- 
mentation, and in the embryo, where its absence 
results in vivipary. Binding of both bZIP and 
Myb-class transcription factors to ABA- responsive 
dements (ABRE) have been reported, but the re- 
quirement of these factors for conferring desicca- 
tion tolerance has not been directly established. 
Similarities between the regulation of developmen- 
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tally controlled acquisition of desiccation tolerance 
in seeds, and environmentally induced desiccation 
tolerance in vegetative tissues, such as ABA-depen- 
dence, suggest some common mechanism. A final 
role of ABA in seed maturation is on genes active 
during the early stages of germination. Genes en- 
coding hydrolytic enzymes required for reserve 
mobilization, which are expressed in the aleurone 
and scutellum, are negatively regulated by ABA, 
thus effectively repressing this process during the 
late stages of seed development. 

12.5 
Outlook 

Although the probable origin of the endosperm as 
a supernumerary embryo is widely surmised, 
much remains to be understood about the muta- 
tion(s) which account for this transition. The 
finding that, within endosperm, cells are not uni- 
form but rather divided into discrete domains, 
has changed our perception of endosperm specifi- 
city. Endosperm-specific motifs previously de- 
scribed are probably valid for only one such do- 
main. Endosperm expression domains are also es- 
tablished transiently during seed development, to 
accommodate specific functions such as facilitated 
solute transfer, storage product deposition, and 
acquisition of desiccation tolerance in the aleu- 
rone. Most of the factors governing the regulation 
in individual domains remain to be identified, 
although PBF/02, or the cognate factors from 
other cereals, promise to be of major importance 
for defining maturation phase expression in the 
crown endosperm domain. The fie and fis mu- 
tants suggest that endosperm development is 
probably triggered by a combination of maternal 
factors, which are interpreted differently by the 
central cell and the egg cell. The availability of 
the first cloned FIS genes should enable us to test 
these hypotheses in the near future. 

12.6 

Summary 

Storage reserves are essential requirements for ef- 
ficient seed dispersal. Whereas cotyledon storage 
takes place in modified cells of the embryo, the 



primary monocotyledon storage tissue is the en- 
dosperm. The endosperm derives from the prod- 
uct of a second fertilization event parallel to that 
producing the embryo proper, and is thought to 
have its evolutionary origin in a supernumerary 
embryo. Endosperm and embryo differ in their 
maternal contribution, the embryo (2n) arising 
from the fusion of a pollen nucleus with the hap- 
loid egg cell, and the endosperm (3n) resulting 
from the fusion of the diploid central cell with a 
second pollen nucleus. These ontogenetic differ- 
ences presumably give rise to differences in chro- 
matin status and the complement of cytoplasmic 
factors in the primary fusion products which it 
turn condition very distinct developmental pro- 
grammes. Although there are hints of common 
denominators in the regulation of endosperm and 
embryo gene expression, for example promoter 
sequences which control expression in both cell 
types; endosperm-specific genes are also con- 
trolled by unique regulators, such as those inter- 
acting with the endosperm or prolamin box. En- 
dosperm gene expression is organized in a num- 
ber of spatially restricted domains, which possibly 
correspond to a much- simplified derivation of the 
embryo body plan. The domains so far identified 
include the epidermis -like aleurone, the central 
endosperm, the basal transfer layer, and the em- 
bryo-surrounding region (ESR), surrounding the 
suspensor and basal region of the embryo. 
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13 Environmental Light Signals and the Development 
of Arabidopsis 

Giorgio Morelli and Ida Ruberti 



13.1 

Introduction ^ 



Despite their apparent diversity, seed plants all ex- 
hibit the same body plan. The vegetative body is 
composed of three organs: leaf, stem and root. 
The primary function of the leaf is photosynthe- 
sis, that of the stem is support, and that of the 
root is anchorage and absorption of water and 
minerals. Because plants cannot move, to main- 
tain their supply of water and inorganic elements 
and to reach the optimal light exposure for the 
photosynthetic activity, they must grow continu- 
ously. Therefore plants during their life cycle ex- 
pand the surfaces involved in the uptake and cap- 
ture of sunlight and nutrients through the elonga- 
tion and branching of stems, the expansion of 
leaves, and the formation of a branching root sys- 
tem that is elaborated with root hairs. 

To grow and develop optimally, all organisms 
need to perceive and process information from 
their environment. As sessile organisms, plants 
need to sense and respond to external stimuli and 
stresses more than most organisms. Therefore, 
plants have to adapt their developmental pattern 
to the environmental changes to ensure survival 
and reproduction. As a consequence, numerous 
environmental factors, including temperature, 
touch, water, gravity, and light can exert a pro- 
found influence on the form assumed by individu- 
al plants, affecting overall plant size and the num- 
ber and size of individual organs. Other environ- 
mental effects on plant vegetative development 
can be more subtle, affecting the number of spe- 
zialised structures such as trichomes and root 
hairs. 

The ability of an organism to produce different 
phenotypes in response to different environments 



is referred to as phenotypic plasticity. The con- 
cept of phenotypic plasticity or adaptation is that 
of a genetically determined level of resistance to 
unfavourable environmental conditions acquired 
over generations by selection. In particular, plants 
have evolved flexible developmental programmes 
and the ability to sense and efficiently adapt to 
dynamically changing environmental stimuli. This 
increased adaptability of plants as compared with 
animals implies that, at the level of signal trans- 
duction, there is likely to be a high degree of 
cross-talk between different signalling pathways. 
Furthermore, because plants contain very few spe- 
zialised tissues and organs, an individual plant 
cell must be able to generate specific responses to 
a huge range of different stimuli. This could be 
controlled via a network of interacting signal 
transduction pathways with key checkpoints with- 
in, or by several linear independent pathways, or 
by both. Recent studies of light signal transduc- 
tion pathways have identified photoreceptors and 
downstream regulators which provide the tools to 
investigate the interplay between pathways in- 
volved in light-regulated developmental processes. 
Most of the research on this topic has focussed 
on the annual herbaceous plant Arabidopsis thali- 
ana (Brassicaceae) because of its small genome, 
short generation time, self-compatibility, amen- 
ability to stable transformation, and the availabil- 
ity of numerous mutants. 

13.2 

Plant Responses to Light ^ 

Being photosynthetic, plants are extremely sensi- 
tive to their light environment. Using multiple 
photoreceptors, plants constantly monitor light in- 
tensity, quality and duration to control diverse de- 
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velopmental processes such as seed germination, 
morphogenesis, vegetative growth, and flowering. 
These responses to light are mediated by three 
classes of photoreceptors: phytochromes which re- 
spond mainly to red (R, 660 nm) and far-red (FR, 
730 nm) light but which also absorb blue (B, 390- 
500 nm) and UV light; photoreceptors that are 
specific for blue and UV-A (320-390 nm) light; 
and photoreceptors for UV-B (280-320 nm) light. 
Light signal perception by these receptors acti- 
vates signalling pathways leading to the changes 
in gene expression that underlie the physiological 
and developmental responses important through- 
out the life history of a plant. 

To date, the best-characterized photoreceptors 
are the phytochromes which have the unique abil- 
ity to exist in two photointerconvertible forms 
with distinct conformations and photochemical 
properties; Pr, a red light-absorbing form, and 
Pfr, a far-red light-absorbing form. Phytochromes 
are large proteins of approximately 120 kDa that 
exist as dimers in solution. Each monomer folds 
into two major domains separated by a protease- 
sensitive hinge region. The N-terminal domain 
carries a covalently linked tetrapyrrole chromo- 
phore, and is sufficient for photosensory activity 
while the C-terminal domain contains regions ne- 
cessary for dimerization and regulatory activity. 
Recently, new sequence analysis and the discovery 
of Cphl, a cyanobacterial phytochrome that 
shows light-regulated histidine kinase activity, 
have indicated that plant phytochromes are evolu- 
tionarily related to histidine kinases. Moreover, 
there is evidence that some of the processes in- 
duced by phytochromes in plant cells require the 
activation of heterotrimeric G proteins. 

A major function of phytochromes in light- 
grown plants involves the perception of changes 
in the relative amounts of red and far-red light 
(R:FR ratio). These changes in wavelength distri- 
bution mainly occur at the beginning and the end 
of the day, and in the proximity of other vegeta- 
tion. Compared to direct daylight, there is more 
FR light at dawn and dusk, and under the canopy 
of other plants (shade). The canopy phenomenon 
results from the fact that the leaves absorb most 
of the R and B light because of their high photo- 
synthetic pigment content but are relatively trans- 
parent to FR light. Plants have evolved two oppos- 



ing strategies in response to competition for light: 
shade tolerance and shade avoidance. Shade- toler- 
ating plants generally are able to acclimate photo- 
synthetically to low light levels by increasing the 
efficiency of light capture and utilization, have re- 
latively slow growth rates and exhibit conservative 
utilization of resources. Conversely, shade-avoid- 
ing plants have relatively high growth rates, are 
generally more capable of adapting to high light 
levels and quickly respond to lower R:FR ratios 
by stimulation of elongation growth. Elongation 
responses are most easily observed in internodes, 
but petioles also show strong responses. In dico- 
tyledon plants such as Arabidopsis, elongation 
growth induced by low R:FR ratio is often asso- 
ciated with a reduction of leaf development, a 
marked strengthening of apical dominance and 
reduction in branching. Moreover, very important 
responses to canopy shade are inhibition of seed 
germination and acceleration of flowering. These 
effects are induced not only by canopy shade, but 
also when plants are growing in crowded plant- 
fields. In fact, shade-avoiding plants are able to 
perceive light reflected by neighbouring plants as 
partially depleted of the red wavelengths. There- 
fore, to avoid competition for light, plants can re- 
spond morphologically even before they are di- 
rectly shaded. 

Although phytochromes also absorb blue and 
UV light, it is well established that most of the 
plant responses to this region of the spectrum are 
mediated by distinct photoreceptors, absorbing 
specifically blue and UV-A wavelengths. Blue light 
responses are rather common photoresponses in 
plants; they include bending of the shoots toward 
the light (phototropism), chloroplast development, 
adaptation of the photosynthetic apparatus to 
shade conditions, stomatal opening, and stem ex- 
tension. 

Photophysiological, biochemical, molecular and 
genetic studies have indicated that there are sev- 
eral UV/blue photoreceptors in plants (see later). 
The action spectra associated with many of the 
blue light responses are similar to the absorption 
properties of flavin adenine nucleotide. Indeed, a 
class of blue light photoreceptors recently isolated 
in Arabidopsis are flavoproteins which share strik- 
ing sequence similarity to the photolyase family 
of proteins. 
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In recent years, genetic and molecular analysis 
of seedling development and flowering mainly 
achieved with Arabidopsis, has demonstrated that 
light responses are the result of the integration of 
a variety of input signals through a complex net- 
work. In particular, studies dealing with how 
plants perceive changes in light quality are begin- 
ning to shed light on the components regulating 
the shade-avoidance response and the flowering 
time. 

13.3 

Arabidopsis Photomorphogenesis ^ 

Developmental responses to light, although espe- 
cially evident at the seedling stage, occur through- 
out the life of the plant. Depending on whether 
germination occurred in darkness or in light, an- 
giosperms choose between two distinct develop- 
mental pathways. In complete darkness, a seedling 
develops according to the skotomorphogenic 
pathway. In Arabidopsis, for example, the cotyle- 
dons remain closed and unexpanded, and the hy- 
pocotyl becomes extremely elongated. The seed- 
ling utilizes its energy resources to rapidly 
emerge from below the soil surface and reach the 
light. Under direct sunlight, the photomorpho- 
genic pattern is followed rapidly establishing the 
seedling as a photoautotrophic organism. The 
plants energy is essentially used for leaf develop- 
ment, while longitudinal extension growth is 
minimised. However, in shade- avoiding plants the 
photoautotrophic seedling rapidly assumes the ca- 
pacity to respond to changes in the R : FR ratio by 
stimulation of elongation growth (shade- avoid- 
ance response). 

13.3.1 

Photoreceptors and Downstream Regulators 
of Photomorphogenesis ^ 

To achieve control of seedling developmental pat- 
tern, the light signals are perceived by distinct 
photoreceptors which, in turn, modulate the activ- 
ities of regulatory molecules. Much effort has 
been directed toward learning about the nature of 
the molecules involved in sensing and transducing 
light signals. In Arabidopsis, molecular studies 



have revealed that the phytochrome apoproteins 
are encoded by five genes, PHYTOCHROME A 
(PHYA), PHYB, PHYC, PHYD and PHYE. PHYA is 
abundant in etiolated tissue and is greatly re- 
duced in green tissue because it is rapidly de- 
graded when in the Pfr form. Expression of the 
PHYA gene is downregulated by light. PHYB, 
PHYC, PHYD and PHYE are expressed at low lev- 
els in both etiolated and green tissues. Molecular 
and genetic analysis of light-insensitive mutants 
has allowed the identification of loci involved in 
two phytochrome genes, PHYA and PHYB. Re- 
cently, the identification of a naturally occurring 
mutation in the Arabidopsis PHYD gene has been 
described. The occurrence of a phyD null allele in 
a natural population of Arabidopsis suggests that 
PHYD is not essential in the wild, at least in 
some natural environments. Phylogenetic analysis 
have indicated that the PHYB and PHYD genes 
are the products of a relatively recent gene dupli- 
cation within the Brassicaceae. No mutants in the 
other phytochromes (PHYC and PHYE) have yet 
been identified. 

In Arabidopsis, the analysis of light-insensitive 
mutants has also allowed the identification of a 
blue light photoreceptor, named CRYPTO - 
CHROMEl (CRYl). The CRYl gene encodes an 
apoprotein with a high degree of similarity to the 
photolyase family of proteins. Mutants in the 
CRYl gene are impaired in the suppression of 
some of the blue light responses. A second cryp- 
tochrome, CRY2, is similar to CRYl but contains 
a distinct C-terminal sequence, suggesting that 
CRY2 might have related but distinct properties 
from CRYl. 

Moreover, genetic studies have identified sev- 
eral mutations that affect the entire morphoge- 
netic program of young seedlings in the dark. 
These loci include DEETIOLATEDl (DETl), 
CONSTITUTIVE PHOTOMORPHOGENICl (COPl), 
COP9, COPS, COP 10 and COPll. Recessive muta- 
tions in any of these six genes cause seedlings to 
exhibit the morphology and cell differentiation, 
plastid differentiation, and gene expression pat- 
terns of light-grown wild-type seedlings. Severe 
or null alleles of all of these loci also exhibit high 
anthocyanin accumulation in cotyledons, a char- 
acteristic of the fusca (fus) mutants. Indeed, it has 
been shown that each of the six pleiotropic COP/ 
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DET loci is identical to previously identified FUS 
loci. Moreover, mutants at four additional FUS 
loci {FUS4, FUSSy PUSH and FUS12) also lead to 
pleiotropic constitutive photomorphogenic seed- 
ling development in darkness. The recessive na- 
ture of the mutations at all ten of the COP/DET/ 
FUS loci has suggested that their wild-type gene 
products act to repress photomorphogenic devel- 
opment in the dark (Fig. 1). Genetic interaction 
studies with photoreceptor mutations have indi- 
cated that the COP/DET/FUS mutations are epi- 
static to mutations in PHYA, PHYB and CRYl, 
suggesting that light signals from multiple photo- 
receptors converge at or before these loci to inac- 
tivate their repressive action. As mutations at all 
ten of the COP/DET/FUS loci result in essentially 
identical phenotypes, it was hypothesized that at 
least some of their gene products function in 
proximity to each other in the same pathway, pos- 
sibly with some directly interacting, to control the 
switch between skotomorphogenesis and photo- 
morphogenesis. The molecular cloning of several 
of these COP/DET/FUS loci (COPl, COP9y COPll/ 
FUS6 and DETl) has provided interesting insights 
into their molecular and cellular function. COP9 
and COP11/FUS6 have been shown to be compo- 
nents of a large nuclear protein complex (COP9 
complex; Fig. 1). Interestingly, the size of the 
COP9 complex is light-regulated. In etiolated 
seedlings the complex has a higher molecular 
weight than in light-grown seedlings ('^600 and 
^560kDa, respectively). This suggests that the 
COP9 complex, when transiently associated with 
other factors in the nucleus, may repress photo- 
morphogenesis in the dark. Light would relieve 
this repression through the partial dissociation of 
the COP9 complex. COP I and DETl encode two 
nuclear proteins which are not stable components 
of the COP9 complex. However, it is possible that 
COPl and DETl transiently interact with the 
complex in the nucleus, and some observations 
support this view. Studies using a GUS reporter 
and COPl fusion approach have suggested that 
the subcellular localization of COPl may be regu- 
lated by light. In darkness, GUS-COPl localizes 
predominantly in the nucleus, but transfer of the 
seedlings from dark to light reduces COPl abun- 
dance in the nucleus. This light- dependent nu- 
cleo-cytoplasmic partitioning of COPl requires 



the other COP/DET/FUS proteins. In fact, GUS- 
COPl fails to localize in the nucleus in the dark 
in all mutants representing the other nine COP/ 
DET/FUS loci. The molecular mechanism of how 
the other COP/DET/FUS proteins regulate COPl 
nuclear abundance is unknown. 



13.3.2 

Role of Photoreceptors and Downstream Components 
in the Control of Hypocotyl Elongation 
During Deetiolation ^ 

Studies with photoreceptor mutants have revealed 
that multiple photoreceptors contribute to the in- 
hibition of hypocotyl cell elongation during the 
first steps of the deetiolation process. Loss-of- 
function mutations at the PHYB locus cause a 
long hypocotyl phenotype in R light; conversely, 
PHYB overexpression causes a light-dependent 
short hypocotyl phenotype in Arabidopsis seed- 
lings. These complementary results suggest that 
PHYB mediates the inhibition of hypocotyl elon- 
gation in response to R light. The analysis of the 
phenotypic effects of deficiency for phytochrome 
D has revealed a minor role of PHYD in R light 
sensing, which is additive with the much larger 
role of PHYB in this response. Under continuous 
FR light, PHYA is the active phytochrome species 
inhibiting hypocotyl elongation. Mutants of the 
PHYA locus are essentially blind to continuous FR 
light and exhibit a typical etiolated phenotype 
similar to that of dark-grown seedlings. 

The analysis of null cry2 mutant and transgenic 
plants overexpressing CRY2 indicated that CRY2 
mediates blue light-dependent inhibition of hypo- 
cotyl elongation and stimulation of cotyledon 
opening under low intensities of blue light. 
Furthermore, loss-of-function mutations at the 
CRYl locus cause a long hypocotyl phenotype in 
blue light; conversely, CRYl overexpression causes 
a light-dependent short hypocotyl phenotype in 
Arabidopsis seedlings. As the expression of CRY2 
increases in dim light and is rapidly downregu- 
lated by blue light in a light intensity-dependent 
manner, and the protein was shown to be un- 
stable in light conditions that activate the recep- 
tor, it has been suggested that CRY2 has a major 
function in earlier steps of deetiolation, while 
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CRYl has a major role in the blue light-depen- 
dent inhibition of hypocotyl elongation in high 
light. 

Thus, although the seedling response to R, FR 
and B light is similar in regard to the inhibition 
of hypocotyl elongation during the deetiolation 
process, PHYA, PHYB and CRY2 seem to have 
distinct and complementary roles in controlling 
hypocotyl elongation. It has been proposed that 
PHYA could be important for seedling develop- 
ment under dense canopies. As mentioned before, 
the light environment under a vegetation al canopy 
is selectively depleted of R and B because of chlo- 
rophyll absorbance by the overlying leaves, A 
seedling emerging into this FR-enriched environ- 
ment is induced to deetiolate primarily through 
the PHYA system. Consistent with this proposal is 
the observation that the deetiolation of Arabidop- 
sis phyA mutants, when compared with wild-type 
plants, was severely impaired if grown in deep 
canopy shade, leading to premature death. In 
open sunlight, which is R- and B-rich compared 



with vegetational shade, PHYB and CRY2 might 
act together in the inhibition of hypocotyl elonga- 
tion during the first steps of the deetiolation pro- 
cess, However, the de etiolated seedling rapidly 
loses the contribution of PHYA and CRY2, be- 
cause their coding genes are downregulated by 
light and both molecules are light -labile. As a 
consequence, the role of light -stable phyto- 
chromes soon becomes predominant in control- 
ling the elongation growth in response to R:FR 
ratio {Fig, 1), 

Genetic studies have identified another group 
of mutants, including long hypocotyl 5 ihyS)^ far- 
red-elongated hypocotyl 1 and 3 (fhyl and fhy3) 
which exhibit normal seedling development in the 
darkness, but, like the photoreceptor mutants, 
have a reduced sensitivity to light. Mutations at 
the FHYl and FHY3 loci result in phenotypes 
similar to phyA mutants, suggesting that their 
gene products may act downstream of PHYA in 
transmitting a signal specific for phytochrome A, 
In contrast, mutations at the HY5 locus, which 





Fig* 1, Model depicting the role of photoreceptors and 
downstream regulators in Arabidopsis photomorphogenesis. 
Light signals, perceived and transduced by multiple photo- 
receptors, inactivate the pleio tropic COPyoETyPUS regula- 
tors (COPJ, DETl, and COP9 complex)^ and thus release the 
repression of seedling photo morphogenesis. The transition 
from sko to morph ogenic to photo morphogenic development 
has to occur before the etiolated seedling runs out of seed 
reserves, PHYA, which is not indicated in the scheme, may 



be involved in the perception of low intensity of R and FR 
light, and thus allow the utilization of the residual re- 
sources to establish a photoautotrophic organism. As men- 
tioned in the text, PHYA may also be important for seed- 
ling development under dense canopies. The de etiolated 
seedling rapidly loses the contribution of PHYA. As a con- 
sequence, the role of Kght- stable phytochromes becomes 
predominant, and the seedling responds to changes in the 
R : PR ratio by stimulation of dongation growth 
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Fig. 2. Diagram of the sequence of events leading from light 
perception to developmental responses. Light is perceived 
by three families of photoreceptors: phytochromes, blue 
and UV-A photoreceptors, and UV-B photoreceptors. The 
signals are transmitted through receptor-specific early-sig- 
nalling components such as FHYl and FHY3 (phytochrome 



A-specific). The early signalling pathways converge at or 
before downstream components represented by ten COP/ 
DET/FUS products and HY5. The arrows denote the flow of 
information and do not indicate positive or negative inter- 
actions in genetic terms 



encodes a b-Zip-type transcription factor, cause a 
long hypocotyl phenotype under any light condi- 
tions. This suggested that the HY5 protein is re- 
quired for integrating signals from multiple 
photoreceptors to mediate inhibition of hypocotyl 
elongation in response to light (Fig. 2). 

13.3.3 

Role of Photoreceptors and Downstream Components 
in the Shade-Avoidance Response^ 

Arabidopsis is a typical shade-avoiding plant. 
When grown in low R:FR ratios Arabidopsis dis- 
plays increased hypocotyl and petiole elongation, 
reduction of leaf expansion, acceleration of flow- 
ering and increased apical dominance (Fig. 3). 
phyB mutant plants show the same phenotypes 
even at high R:FR ratios, i.e. they display a con- 
stitutively elongated phenotype and are early 



flowering. However, phyB null mutants, although 
already elongated, show increased elongation 
growth responses to reduced R:FR ratio. More- 
over, the phyB mutant plants grown in simulated 
vegetational shade flower earlier than phyB plants 
grown under normal light conditions. These ob- 
servations indicate that PHYB is not the sole 
photoreceptor involved in the regulation of the 
shade-avoidance response. The analysis of phyA 
mutants and phyA phyB double mutants has sug- 
gested that during seedling establishment the ac- 
tion of PHYA in plants exposed to low R:FR ra- 
tios antagonizes that of PHYB (and other light- 
stable phytochromes) in the regulation of hypoco- 
tyl elongation. phyA seedlings display a severe 
elongated phenotype and many of them die. 
Nevertheless, once the seedling is established, 
PHYA seems to have little role, if any, in the 
shade- avoidance response. Finally, it has been re- 
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Fig. 5A,B» Effect of low red: far- red ratios on 
plant development. Arabidopsis plants were 
grown on soil for 3 weeks under high (A) or 
low (B) red: far-red ratios. Note the elon- 
gated phenotype and the early flowering of 
the plant grown under low R:FR ratios 



A 




B 




cently observed that phyA pkyB double mutaiits 
still respond to low R : FR ratios, indicating that at 
least another phytochrome other than PHYA or 
PHYB is involved in the regulation of the shade- 
avoidance response. 

Although the immediate downstream tar get (s) 
of any of the phytochromes that regulate the 
shade-avoidance response is still unknown, the 
first gene {Arabidopsis thaliana homeobox 2, 
ATHB-2y also known as homeobox Arabidopsis 
thaliana 4, HAT4) specifically induced by changes 
in the R:FR ratio in green plants has been re- 
cently identified. In young seedlings and mature 
plants, ATHB-2, a gene encoding an HD-Zip^type 
transcription factor, is expressed at low levels un- 
der high R:FR ratios, hut is rapidly and strongly 
induced by lowering the RiFR ratio. Returning 
the plants to a high R:FR ratio results in an 
equally rapid decrease in the ATHB-2 mRNA lev- 
els. Similar kinetics of low R:FR induction and 
its reversibility by high RrFR ratios have also 
been observed in phyB and phyA phyB plants. 
This suggests that the ATHB-2 responses to 
changes in the R:FR ratios are regulated largely 
through the action of a phytochrome other than 
A or B. 

The unique ability of the ATUB-2 gene to re- 
spond to changes in the R : FR ratio in established 
plants strongly suggests a direct involvement of 
ATHB-2 in the growth phenomena induced by 
neighbour detection and shade. As mentioned 
above, at least two light-stable phytochromes 
seem to play important roles in the regulation of 
these processes in Arabidopsis. Mutations in one 
of these phy to chromes, PHYB, result in plants 
displaying a partially derepressed shade-avoid- 
ance response. The over expression of ATHB-2 in 



transgenic plants results in similar, although more 
severe, phenotypes, i.e., elongated hypocotyl and 
petioles, reduced leaf area, early flowering 
{Fig. 4). Consistently, phyB mutants express 
ATHB-2 at moderately higher levels in all organs 
both in the daytime and during the night. This 
suggests that PHYB may control different aspects 
of plant development through a negative regula- 
tion of ATHB-2 gene expression. Whether the 
other light-stable phytochrome{s) also plays a 
negative role in the regulation of the ATHB-2 gene 
remains to be investigated. Finally, additional 
roles of the ATHB-2 protein in several aspects of 
plant development such as regulation of cell elon- 
gation/expansion and transition to flowering are 
also suggested by the observation that plants with 
reduced levels of ATHB-2 show developmental 
phenotypes reciprocal to those of ATHB-2 over- 
producing plants (Fig. 4) 

ATHB-2 is a member of a large class of DNA- 
hinding proteins characterized by a homeodo- 
main closely linked to a leucine zipper motif. The 
HD-Zip combination seems to be unique to high- 
er plants, suggesting that HD-Zip proteins might 
control pathways that are peculiar to plants, such 
as those involved in the regulation of growth and 
development in response to environmental stim- 
uli, and several observations support this view. 
The analysis of glabra2 mutants has indicated that 
this locus encodes an HD-Zip protein involved in 
the regulation of root hair formation, a process 
strongly regulated in Arabidopsis by environmen- 
tal factors. The expressional analysis of other Ara- 
bidopsis HD-Zip genes related to ATHB-2 has re- 
vealed that some, such as ATHB-2j are regulated 
by changes in the R:FR ratio, and others by hor- 
mones, such as ethylene and abscisic acid, in- 
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Fig»4A-C. Effect of altered ATHB-2 expression on Arabi- 
dopsis development. Top view of wild- type (A) and trans- 
genic Arabidopis plants with reduced (B) or elevated (C) 
levels of ATHB-2 grown on agar for 2 weeks under high 



red:far-red ratios. Cotyledon and leaf expansion is signifi- 
cantly reduced in seedlings expressing elevated levds of 
ATHB-2; conversely, il is slightly increased in seedlings 
with reduced levels of ATHB-2 



volved in plant responses to stress. Therefore it is 
tempting to speculate that differential regulation 
of related HD- Zip genes may represent one of the 
underlying molecular mechanisms of phenotypic 
plasticity in plants. 

134 

Arabidopsh Flowermg ^ 

The initiation of flowering, the conversion of 
shoot apical meristems from vegetative to repro- 
ductive development, is a critical event in the life 
cycle of higher plants. The timing of flower initia- 
tion is critical for reproductive success. Plants 
have therefore evolved the ability to recognize the 
most favourable environmental conditions in or- 
der to successfully complete their reproductive 
development. 

Physiological studies have identified various 
substances and plant growth regulators, that, to- 
gether with the environmental cues, are able to 
either promote or repress flowering. A general 
multifactorial model has been proposed to ac- 
count for the diverse flowering responses ob- 
served in a variety of species. In this model, flow- 
er initiation may occur only when all factors, pro- 
moters and inhibitors, are present in the apex at 
appropriate concentrations and times. 

Although different plant species exhibit a wide 
range of flowering responses to environmental 
and developmental signals, physiological and ge- 
netic studies have indicated that some of the ba- 



sic mechanisms of environmental perceptions that 
affect flowering time may be conserved. In most 
plants, the shoot apex perceive low temperature 
(vernalization), and young expanding leaves per- 
ceive daylenght (photoperiodism). The flowering 
signals produced by changes in daylength are 
transported from leaves to the shoot apex, most 
likely through the phloem, as demonstrated by 
grafting studies. 

UAA 

Photoperiodism^ 

There are different response types among plants 
that exhibit photoperiodism. The two main ones 
are short-day (SDPs) and long-day plants (LDPs) 
in which flowering is promoted by short days and 
long days, respectively, SDPs flower when night 
length exceeds a critical dark period. A brief 
pulse of red light given in the dark period to an 
SDP grown under a photoinductive photoperiod 
will inhibit its flowering, Tn many SDPs it has 
been demonstrated that the inhibitory effect of 
red light is mediated by the phytochrome system. 
The situation in LDPs is more complex, with both 
red and far-red light promoting flowering under 
certain conditions. In other plant species, flower- 
ing is largely independent of environmental 
changes and is therefore controlled by develop- 
mental signals. 

Plants keep track of the time by measuring the 
duration of darkness, and physiological experi- 
ments suggest that an endogenous circadian 
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rhythm provides the timer. Although photorecep- 
tors are essential components in the day length- 
measuring mechanism, many aspects of the flow- 
er-induction response to light in photoperiodic 
species cannot yet be explained through the ac- 
tion of specific photoreceptors. However, genetic 
studies in Arabidopsis have begun to elucidate 
photoperiodic mechanisms and to identify loci 
that are involved in the light regulation of flower- 
ing. 

The flowering time in Arabidopsis, a facultative 
long- day plant, is strongly influenced by light 
quality and photoperiod. Surprisingly, Arabidopsis 
plants flower earlier under complete darkness 
than under long photoperiods. The positive effect 
of darkness on the transition to flowering has 
also been observed in other plant species, sug- 
gesting that exposure to light delays genetically 
programmed default initiation of flowering. In 
fact, several mutations have been identified that 
cause flowering at a very early stage of develop- 
ment. The most extreme are the embryonic flower 
mutants, emfl and em/2, which flower without 
forming vegetative leaves. These mutants are in- 
sensitive to environmental conditions and are epi- 
static to all mutations causing alteration of flow- 
ering time. A general model attempting to de- 
scribe the role of the Arabidopsis genes involved 
in the transition to flowering suggests that the 
EMF gene products are required for vegetative de- 
velopment; in their absence, genes required for 
the initiation of floral morphogenesis would be 
activated in the apical meristem, giving rise to 
the differentiation of the flower. In this model, en- 
vironmental and endogenous factors might by- 
pass or modify the activity of the EMF gene 
products, therefore producing an alteration of 
flowering time. 

On the basis of the responsiveness of flowering 
time mutants to the environmental factors, at least 
three independent pathways that control flowering 
have been suggested: the long-day-promotion path- 
way, the vernalization pathway and the autonomous 
pathway (Fig. 5). Light environmental conditions 
seem to exert their effect on flowering time mainly 
throughout the long-day-promotion pathway, 
although some evidence suggested that PHYA, a 
photoreceptor responsible for the promotion of 
flowering, might act in a different pathway. 
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Fig. 5. Multiple pathways control flowering in Arabidopsis. 
Physiological studies have identified different pathways that 
either promote or repress the transition from vegetative to 
floral meristem. The integration of the different inputs 
eventually leads to floral induction. Only genes specifically 
mentioned in the text are included in this figure 



13.4.2 

Long-Day-Promotion Pathway^ 

Red light and blue light inhibit and promote flow- 
ering, respectively, suggesting different functions 
of phytochromes and cryptochromes in the flow- 
ering time determination in Arabidopsis. In agree- 
ment with this, mutations that affect the synthesis 
of the chromophore, which is required for the 
function of all the forms of phytochrome, cause 
early flowering under both SD and LD. Similarly, 
mutants lacking phytochrome B produce an early 
flowering phenotype, although they continue to 
exhibit promotion of flowering by long photoper- 
iods and far-red light treatments given during the 
day (shade-avoidance response) and at the end of 
the day, just before the light-dark transition (also 
known as end-of-day far-red treatment which 
mimics dusk). The retention of a photoperiodic 
response is likely the result of the redundancy of 
the light-stable phytochrome gene family {PHYB- 
E) in Arabidopsis, because severe mutations in 
PHYB-like genes in both the LDP pea and the 
SDP Sorghum bicolor cause day-neutral, early 
flowering. 
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The cry2 mutant is late-flowering, and belongs 
to a group of mutants that exhibits essentially no 
photoperiod response and a reduced sensitivity to 
vernalization response under certain conditions of 
cold treatment. This group of genes, represented 
by CONSTANS (CO) and GIGANTEA (G7), is 
thought to be important in the regulation of flow- 
ering in response to light environmental condi- 
tions. The CO gene was isolated on the basis of 
its genetic map position, and shown to encode a 
protein with similarities to GATA-l-type tran- 
scription factor. In situ hybridization analysis 
have shown that the CO mRNA is mainly local- 
ized in the shoot apical meristem, and in older 
plants in the inflorescence and in young floral 
bud. In a series of elegant experiments, it has 
been shown that in response to CO expression, 
transcription of LEAFY (LEY) and TERMINAL 
FLOWERl (TFLl)y whose gene products are re- 
quired for the development of inflorescens and 
flower, is initiated rapidly. It has been found that 
transgenic plants expressing an inducibile system 
that regulates CO activity flowered earlier than 
wild type upon induction irrespective of day 
length. This result, together with the analysis of 
homozygous and heterozygous co mutants, sug- 
gested that CO activity is limiting on flowering 
time. Consistent with the role of CO in promoting 
flowering in long days, the CO mRNA is more 
abundant under long-day than short-day condi- 
tions. Expressional analysis in cry2 mutant plants 
has indicated that CRY2 is a positive regulator of 
CO in response to photoperiod. As CO activity is 
required for the early-flowering phenotype of the 
hyl and phyB mutants, it appears that phyto- 
chrome(s) antagonizes CRY2 in the regulation of 
CO expression. Therefore, a model to explain the 
opposite effect of red and blue light in the regula- 
tion of flowering has been suggested (Fig. 6). 

Although increased CO expression is sufficient 
to trigger flowering, its function is not required 
for the process because the Arabidopsis plants 
flower in the absence of any CO activity. More- 
over, other photoreceptors, such as PHYA and 
CRYl, appear to contribute in different ways to 
the induction of flowering, most likely through a 
different pathway. 

In conclusion, although significant progress 
has been made, our knowledge of the mecha- 
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Fig. 6. A model depicting the role of CONSTANS in flower 
induction under long days. Light signals perceived by the 
blue light photoreceptor CRY2 and phytochrome(s) regulate 
the activity of the GATA-l-type transcription factor CON- 
STANS. In turn, CO induces the expression of TLFl in the 
shoot meristem, and of LFY in the newly formed primor- 
dia. CRY2'^ represents the active form. Only genes specifi- 
cally mentioned in the text are included in this figure 



nisms that determine the flowering time in Arabi- 
dopsis is still very incomplete. A number of key 
components in the regulation of flowering time 
have been characterized at the molecular level, in- 
cluding the phytochromes, the blue-light photore- 
ceptor, and some of the downstream regulators. 
However, the signalling pathways linking the 
photoreceptors with the regulators of gene expres- 
sion remain unknown. 

13.5 

Summary and Outlook^” 

Genetic and molecular studies in Arabidopsis have 
led to the identification and characterization of 
several mutants with altered responses to light. 
Key components of the light signal transduction 
pathways that regulate two processes, photomor- 
phogenesis and flowering, have been identified, 
and models for these two processes have been 
proposed. In the deetiolation process, light signals 
perceived by multiple photoreceptors are con- 
veyed through a central processor comprising 
members of the COP/DET/FUS and HY5 classes 
of proteins. The output from this processor acti- 
vates the downstream cascade that dictates seed- 
ling morphogenesis through the action of tran- 
scriptional regulators. The analysis of CONSTANS 
in flowering has revealed how light signals per- 
ceived by distinct photoreceptors might be com- 
bined to control cellular development and differ- 
entiation decisions. In both processes, however. 
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how light signals are integrated with intrinsic de- 
velopmental programs, which include the action 
of several hormones, remains unknown. Recently, 
the study of less pleiotropic COP/DET loci that 
control subsets of seedling morphogenic re- 
sponses to light has led to renewed interest in a 
class of plant steroids called brassinosteroids. In 
particular, DET2 has been cloned and shown to 
encode a steroid reductase that functions in a 
regulated step of brassinosteroid biosynthesis, 
suggesting a role for brassinosteroids in light-de- 
pendent development. Light and brassinosteroids 
may act independently to affect development or 
brassinosteroids may be involved in the sequence 
of events induced by the photoreceptors. Similar- 
ly, light and gibberellins may either interact or act 
independently to control flower development. 

Many genes that regulate growth and develop- 
ment encode transcription factors. Recent work in 
maize and tomato has suggested that plants can 
evolve by changes in gene regulation or by dupli- 
cation and specialization of gene function which 
generate novel, potentially favourable phenotypes. 
Conversely, adaptative phenotypic plasticity is a 
general attribute of genotypes which can yield dif- 
ferent phenotypic outcomes when exposed to dis- 
tinct environmental conditions. It has been sug- 
gested that the plasticity might be based on spe- 
cific regulation of the diversified members of 
multigene families. Our recent unpublished work 
suggests that the HD-Zip coding genes, most 
likely involved in the control of polar cell elonga- 
tion and non-directional cell enlargement, have 
been recruited for appropriate responses to envi- 
ronmental signals, such as the shade- avoidance 
response. 

In the future, the identification of signalling in- 
termediates, the isolation of interacting proteins, 
and of extragenic suppressors should improve our 
understanding of light-regulated developmental 
pathways in plants. 
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14 Plant-Microorganism Symbiosis 

J. Allan Downie and Nicholas J. Brewin 



14.1 

Introduction ^ 



The general fascination of biology concerns how 
structure is related to function and how develop- 
ment is related to evolution. In this context, the 
legume nodule is a peculiar structure that devel- 
ops in a peculiar way. As a structure, this organ 
is concerned with the biochemical conversion of 
nitrogen gas into ammonia. As a developmental 
process, nodule formation involves synergy be- 
tween two genomes, that of a bacterium and that 
of a plant, which cooperate to establish a highly 
regulated mutualistic symbiosis. 

Several N 2 -fixing symbioses have been estab- 
lished and most of these involve the development 
of a highly specialized structure within which the 
nitrogen-fixing bacteria are located. The best- 
known example is the formation of legume nod- 
ules, within which rhizobia fix nitrogen. However, 
there are several other examples, including sym- 
biosis between species of the actinomycete Fran- 
kia and several families of plants including spe- 
cies of the Rosaceae, Elmaceae, Rhamnaceae and 
Eleagnaceae. These families all seem to form a 
single clade, suggesting that this underlying pre- 
disposition for nodular symbiotic nitrogen fixa- 
tion may have a single evolutionary origin. 

Nodules induced by Frankia are clearly related to 
modified lateral roots. Such primitive associations 
give us an insight into how legume nodules might 
have evolved. Localized proliferations of plant 
cells, possibly originally initiated as a lateral root, 
could have provided a niche within which intercel- 
lular bacteria could have fixed nitrogen. Since this 
would be advantageous to both partners, coevolu- 
tion of plant and bacterium could lead to the bac- 
teria initiating, and subsequently modifying, the 



development of lateral roots. In the absence of 
available soil nitrogen, there would be a selection 
for plants with more efficient and hence more de- 
veloped systems for establishing a symbiosis with 
bacteria. In parallel, there would be selective pres- 
sure for biochemical and structural differentiation 
in plants to optimize assimilation of the fixed nitro- 
gen and to improve the environment within which 
the bacteria can fix nitrogen. 

The most highly evolved partnerships appear 
to be those established between rhizobia and le- 
guminous plants, and understanding them will 
give an insight into the developmental processes 
inherent in all such symbioses. The net result is 
the formation of highly specific organs on the 
roots (and occasionally stems) of some legumes. 

Currently there are five genera of legume root- 
nodulating bacteria: Rhizobium, Bradyrhizobium, 
Sinorhizobium, Mesorhizobium and Azorhizobium 
(collectively termed rhizobia). Within each genus 
are species that have specific ranges of host 
plants and within some species there are biovars 
that have an even more restricted host range. A 
pyhlogenetic tree of rhizobia and some related 
(non-nodulating) bacteria is shown in Fig. 1, 
which includes some examples of legumes nodu- 
lated by different strains. As will be outlined be- 
low, this specificity is defined by signalling mole- 
cules made by the bacteria rather than by the 
taxonomic position of the bacteria. 

One of the great strengths of studying develop- 
ment of nodules is that they are not essential and 
the isolation of plant mutants defective in nodula- 
tion or nitrogen fixation is relatively simple. Re- 
cently, there has been a large emphasis on small, 
rapidly growing diploid legumes such as Lotus ja- 
ponicus or Medicago truncatula that are well sui- 
ted to a genetic approach. Over 50 loci have been 
identified in pea as being required for a normal 
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Fig. 1, Phyloeenetk tree of rhizobia and some related (non- Some examples of legumes nodulated by different rhizobia 
nodulating) bacteria. The tree is based on rRNA sequences, are shown. (Courtesy f.P.W. Young) 



symbiosis, Howeveij gene characterization is more 
likely to be undertaken using other legumes with 
a smaller genome, since positional cloning in pea 
or soybean is very difficult due to their large ge- 
nome size. 



The nodule provides a protected niche for bac- 
terial symbiotic N2 fixation and a system for 
translocating fixed nitrogen (usually in the form 
of amino acids) to the other parts of the plant. A 
fundamental question with regard to development 
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Fig, 2, Light micrograph of a nodule- 
like structure induced on an alfalfa 
root by addition of Nod factor puri- 
fied from S. meliloti. A lateral root is 
shown on the right of the nodule. 
(Photograph courtesy Truchet et aL 
(1991). Note that in the nodule struc- 
ture the vasculature is peripheralj 
whereas in the lateral root it is cen- 
tral 




of this organ concerns its evolutionary relationship 
to the process of lateral root development. Both 
have meristems initiated in differentiated root tis- 
sues and both involves changes in plant hormone 
production; consequently there are speculations 
that nodules evolved from colonized lateral root 
primordia. For the purpose of comparison. Fig, 2 
illustrates a lateral root and a nodule on alfalfa. 
To simplify the comparison, this particular nodule 
lacks bacteria because it was induced experimen- 
tally by a purified nodulation factor (morphogen) 
from Sinorhizobium meliloti The difference be- 
tween the two structures is immediately obvious; 
the lateral root has a single central vasculature 
and has a typical root anatomy, whereas the nod- 
ule has a peripheral vasculature and a central mass 
of non-vascular cells, which under normal condi- 
tions would be infected by rhizobia. 

A second key aspect of the symbiosis is the in- 
terplay between the bacterial and plant genomes. 
Analysis of bacterial nodulation genes led to the 
discovery of signalling molecules, that are specifi- 
cally recognized by only some legumes. In fact, 
these bacteria] Nod factors are only produced fol- 
lowing gene induction in response to plant-made 
secreted molecules, so there is a true exchange of 
signalling molecules between the two symbiotic 
partners (Fig. 3). 



The process of root invasion generally involves 
the development of infection threads (Fig, 3). 
These are plant-made structures that enable the 
bacteria to enter the developing nodule cells. De- 
pending on the legume, the infection threads can 
be relatively short, in essence conveying bacteria 
from intercellular spaces, or, as illustrated in 
Fig, 3> they can be very long, beginning in sur- 
face-exposed root hair cells and migrating 
through several cell layers to reach the proliferat- 
ing meristem. 

Following the initiation of nodule development 
and of cell invasion by rhizobia, the last phase of 
the symbiosis involves the coordinated develop- 
ment of the bacterial and plant cells to facilitate 
nitrogen fixation. The nitrogen-fixing bacteria 
within host cells are termed bacteroids and can 
be thought of as being somewhat analogous to 
mitochondria or chloroplasts. They are enveloped 
by a plant-made membrane, stop dividing and be- 
come specialized for the production of NH 3 , 
These differentiated N 2 -fixing bacteroids together 
with their plant membrane envelope have been 
called symbiosomes in recognition of their simi- 
larity to a type of organelle. The development of 
these symbiosomes involves physiological adapta- 
tion and differentiation of both the plant-derived 
symbiosome membrane and the enclosed bacter- 
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Fig. 3. Schematic representation of early stages of nodula- 
tion. Flavonoids secreted from legume roots induce nod 
gene expression in the bacteria. The nod gene map is from 
R. leguminosarum biovar viciae showing induction of the 
nodABCIJ, nodFEL, nodMNT and nodO operons under the 
control of regulatory protein encoded by nodD. Most of the 
nod gene products are involved in the synthesis (nodAB- 
CEFLMN) or secretion (nodlj and possibly nodT) of chitin 
lipooligosaccharide Nod factors that induce root hair defor- 
mation initiation of root cortical cell division leading to 
nodule morphogenesis. In the presence of the appropriate 
rhizobia, an infection thread develops and the bacteria 
grow along this intracellular tunnel. The growth of the in- 
fection thread in a root hair cell is represented and the ad- 
jacent enlargement illustrates the point that the bacteria 
within the infection thread are topologically outside the 
plant cell. (Courtesy A. Davies) 



oids. As a consequence of cytoplasmic NH3 made 
available by the symbiosomes, there are several 
plant enzymes induced to deal with the assimila- 
tion and translocation of the fixed nitrogen. 

Thus the establishment of the symbiosis can be 
viewed in four stages: 

1. Exchanges of signalling molecules between leg- 
ume and rhizobia. 

2. Nodule organogenesis and morphogenesis. 

3. Invasion by rhizobia. 

4. Physical and biochemical adaptation of the 
plant and bacteria to facilitate nitrogen fixation 
and assimilation. 



14.2 

Exchange of Signalling Molecules 



14.2.1 

Regulation of Bacterial Modulation Genes ^ 
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The experimental strategy used to unravel the in- 
terplay between rhizobia and legumes was to 
identify mutants of each that were blocked in the 
interaction. Analysis of the bacterial mutants has 
thus far given us the primary insight into the sig- 
nalling events. Nodulation-deficient bacterial mu- 
tants were isolated and found to be lacking in the 
ability to induce any plant responses such as root 
hair deformation or cortical cell division. Gene 
cloning, DNA sequencing, and localized mutagen- 
esis initially revealed the presence of three essen- 
tial nodulation genes nodA, nodB and nodC, 
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usually in one operon. These genes are conserved 
in all rhizobia. Analysis of gene regulation using 
reporter gene fusions revealed that the nod ABC 
operon was not expressed in either minimal or 
complex growth medium. However, it was in- 
duced if the bacteria were grown in a medium 
containing liquid collected from the roots of the 
host legume. Using nodABC -reporter gene fusions 
(e.g., lacZ) as a bioassay, the nod gene-inducing 
compounds were isolated and demonstrated to be 
flavonoids or isoflavonoids. The range of inducers 
has now expanded to include structurally related 
molecules such as trigonelline. As more rhizobial- 
legume combinations were studied, it became evi- 
dent that each rhizobial species is adapted to rec- 
ognize specific metabolites such as flavonoids/iso- 
flavonoids secreted from its host legume. Interest- 
ingly, during nodule development, the range of 
plant-made flavonoids/isoflavonoids can increase, 
possibly enabling other rhizobial strains to re- 
spond to these plant signals. 

Further analysis of rhizobial mutants revealed 
that the nodABC genes are induced under the 
control of a positively activating regulator en- 
coded by nodD, which is usually expressed consti- 
tutively. Different nodD genes enable bacteria to 
recognize different flavonoid/isoflavonoid mole- 
cules. Although it has not been proven formally, it 
is thought that the different NodD proteins bind 
to the plant-made signalling molecules and in- 
duce nod gene expression (Fig. 3). Some rhizobia 
(e.g., S. meliloti, R. etli, B, japonicum) contain 
multiple different nodD genes (called nodDl, 
nodD2 etc.) thereby extending the range of mole- 
cules to which they respond; in contrast, others 
(such as R. leguminosarum bv. viciae or trifolii) 
have only one copy of nodD, 

The various NodD proteins are all highly con- 
served members of the bacterial LysR family of 
regulators. NodD proteins apparently bind to two 
adjacent sites in the nodABC promoter. Compari- 
son of DNA sequences revealed a conserved pro- 
moter region (extending up to 50 bp) that has 
been referred to as a nod box (Fig. 4). 



14.2.2 

Biosynthesis of Nod Factors^ 

Molecular genetic studies in rhizobia have led to 
the identification of over 50 nod genes. In gener- 
al, these are downstream of NodD-controlled pro- 
moters. Many of the nod gene products are in- 
volved in the biosynthesis of the Nod factors 
(Fig. 3) that are necessary for nodule induction. 
All Nod factors are based on the same chemical 
theme, an oligomer of ySl-4-linked N-acetyl glu- 
cosamine residues carrying an N-linked fatty acid 
in place of the acetyl group on the terminal (non- 
reducing) residue. Various additions and/or sub- 
stitutions to this structure generate specificity. 
Nod factors are isolated from culture supernatants 
of bacteria grown in the presence of flavonoids to 
induce nod gene expression. The bioassay initially 
used during purification relied on the fact that 
the Nod factors can induce characteristic root 
hair deformation. A definite response can be seen 
at 10"^^ M, giving an indication of the sensitivity 
of the assay and the potency of the Nod factor. 

Figure 5 outlines steps in the Nod factor bio- 
synthetic pathway that are common to all rhizo- 
bia. The precursor required for the formation of 
the oligosaccharide backbone is UDP-N-acetyl 
glucosamine. NodC is a processive yff-glucosyl 
transferase that uses this precursor to form oligo- 
mers usually containing four or five residues. The 
next stage in this minimal Nod-factor biosyn- 
thetic pathway is the attachment of a fatty acid 
group. This requires the sequential action of 
NodB and NodA. NodB deacetylates the terminal 
glucosamine residue (Fig. 5), leaving a free amino 
group which is then acylated by NodA which uses 
acyl-ACP as a donor of the fatty acyl group. 
Although the Nod-factor structure shown in Fig. 5 
has biological activity (e.g., it induces root hair 
deformation on vetch), no natural Rhizobium iso- 
late has been identified as making only such a 
Nod factor. 

14.2.3 

Determination of Host Specificity^ 



Many different substitutions have been identified 
on Nod factors from different rhizobia and many 
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Fig, 4, Proposed model for NodD interaction with nod gene 
promoters- NodD is represented as a dimer of two shaded 
ovflfs and the position of the consensus nod box sequence 
of the nod promoter is represented as the thick lines above 
the DNA sequence and the line representing the DNA to 



which NodD binds. Contacts between NodD and the DNA 
are indicated by closed circles (guanines) and open circles 
(phosphate groups) as deduced from footprinting and DNA 
protection experiments, (Fisher and Long 1993 with kind 
permission or Academic Press Ltd, London) 



of the nod gene products are involved in making 
and attaching the substituent groups. The diver- 
sity of substitution is too great to deal with here, 
and so a few illustrative examples are chosen 
(Fig, 6), Some rhizobia such as R, leguminosarum 
biovars viciae and trifoliij 5, meliloti and R. hua- 
kii carry unusual fatty acids N-linked to the ter- 
minal non-reducing glucosamine. The nodF and 
nodE gene products are involved in the formation 
of these fatty acids; quite a wide range has been 
found including C18:4, C16:2, C16:l, C18:3, 
C20:l etc. Subtle differences among the highly 
conserved NodE proteins determine precisely 
which fatty acids (or range of fatty acids) are pro- 
duced, Mutants lacking nodF or nodE make Nod 
factors prindpaUy carrying a C1S:1 chain> the 
predominant fatty acid made by most rhizobia. 
Many strains lack nodFE genes and make Nod 
factors with a simple C18;l acyl substituent 
Howevet many such strains (such as i?, etU, B, ja~ 



ponicum etc,) attach a methyl substituent onto the 
same amino group that carries the fatty acid. This 
is carried out by the nodS gene product which is 
an N-methyl transferase (Fig. 6), 

Various different substitutions can be found 
linked to C6 of the reducing glucosamine residue. 
Examples include sulphate^ acetate, fucose and de- 
rivatives of fucose (Fig, 6), Different rhizobia car- 
ry genes that encode the appropriate enzymes to 
generate these substituents. For example in 5, me- 
liloti the nodH, nodP and nodQ genes are in- 
volved in sulphation; NodP and NodQ generate 
the sulphate donor group and NodH is a sulpho- 
transferase, some strains of R. leguminosarum 
have nodX which is involved in acetylation. 
Strains of B. japonicumj B, elkaniij S, fredU, M, 
loti and Rhizobmm sp. NGR234 have a nodZ gene 
which encodes a fucosyl transferase which at- 
taches a fucosyl group on C6 of the reducing gly- 
cosaminyl residue. 
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Fig. 5. Biosynthetic pathway of Nod fac- 
tors. A minimal lipochitin-oligosacchar- 
ide Nod factor can be made by the se- 
quential action of NodC, which makes 
oligomers of usually four or five pl-A 
linked N-acetyl glucosamine residues, 
NodB, which deacetylates the terminal 
nonreducing residue and NodA which 
adds an N-linked fatty acyl group. Some 
rhizobia have NodM, a specialized glu- 
cosamine synthase, whereas other rhizo- 
bia rely on the homologous housekeep- 
ing enzyme 
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Fig. 6. Structures of different Nod factors, showing the role 
of some nod gene products in the structural modifications 
that contribute to host specificity in selected rhizobial 



strains. The reducing glucosamine residue is the terminal 
sugar on the right 



The Nod-factor substituents can be considered 
to fall into two functional groups: those which are 
thought to be involved in recognition by a plant 
receptor and those which may delay or prevent 
Nod-factor degradation by the plant. A substitu- 
tion that is probably involved in direct recogni- 
tion is the sulphate group present in S. meliloti 
Nod factors. When it is absent (e.g., in a nodH 
mutant), recognition by alfalfa is lost, but the re- 
sulting Nod factor can now induce a response in 
vetch (whereas there was no response in vetch to 
the sulphated Nod factor). The observation that 
transfer of the S. meliloti nodHPQ genes into R. 
leguminosarum (the normal vetch symbiont) can 
block nodulation and Nod-factor recognition by 
vetch is a strong indication that the sulphate 
group plays an important role in recognition. 
Similarly transfer of the nodFE genes between R. I 
viciae and R. I trifolii indicates that the fatty acyl 
groups play a role in Nod-factor recognition. 

Analysis of acetyl and fucose substitutions on 
the glucosamine at the reducing end of the chitin 
oligomer indicate that these substituents may not 
be involved directly in recognition of Nod-factor 
structure in at least one system. A specific variety 
of pea (cultivar Afghanistan) was found to be no- 



dulated by only certain R. leguminosarum bv. vi- 
ciae strains. These contained the nodX gene, 
which determines the presence of an 0-acetyl 
group on the reducing glucosamine and this sub- 
stitution was shown to be needed for nodulation 
of cv. Afghanistan peas. However, this require- 
ment for nodX could be overcome if nodZ was 
present instead. NodZ fucosylates the reducing 
glucosamine at the same location as NodX adds 
an acetyl group. Because there is a marked struc- 
tural difference between the fucosylated and 
acetylated Nod factors, it is unlikely that both 
modifications are specifically recognized by a sin- 
gle receptor unique to cv. Afghanistan. An alter- 
native explanation is that either modification can 
block (or delay) Nod-factor degradation by cv. Af- 
ghanistan plants. 

The range of Nod factors that can be made is 
very large indeed, and while some rhizobia can 
make a wide variety, others are more restricted. 
One strain {Rhizobium sp. NCR 234) that can nodu- 
late a particularly wide range of legumes is thought 
to make over 30 Nod factors that vary in length of 
the sugar backbone and have various combinations 
of different substituent groups. Thus it is now clear 
that it is principally the structure of Nod factor(s) 
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(and hence the nod genes present) that governs the 
legume species that can be nodulated by any given 
rhizobial isolate* 

There are a few nod genes known which influ- 
ence host specific nodulation but are not involved 
in the biosynthesisj assembly or secretion of Nod 
factors* The biochemical roles of these have not 
been elucidated, although one of these (NodO) is 
a secreted protein that appears to be able to form 
cation-selective pores in membranes* It is thought 
that NodO stimulates the infection process* There 
may be other secreted proteins that contribute to 
successful invasion* 



14,3 

Nodule Organogenesis 

143.1 

Initial Signalling Events in Root Cells ^ 

Purified Nod factors can induce morphological 
changes to legume root hairs* These changes in- 
clude deformation and branching of young grow- 
ing root hairs* At higher concentrations, (around 
10“^ M) Nod factors can induce nodule structures 
in some legumes (Fig. 2)^ demonstrating that the 
Nod factors can initiate nodule morphogenesis by 
reactivating cell-cycle activity and stimulating a 
new meristem* 

The cortical cells which are stimulated to di- 
vide are almost always opposite the protoxylem 
poles of the central root cylinder (the stele) 
(Fig. 7)* This distribution suggests that a plant’ 
made component(s) secreted from these protoxy- 
lem poles may interact with Nod factor to estab- 
lish a morphogenic field* Using root slices as an 
assay system, an active component was purified 
from legume root steles and was identified as uri- 
dine* Subsequently uridine was shown to stimu- 
late cell divisions in the presence of chitin frag- 
ments of Nod factors* 

Candidate Nod-factor binding proteins have 
been isolated, but at this stage none has yet been 
identified as being a true receptor that initiates a 
nodulation signalling cascade* It has been sug- 
gested that there may be one class of receptor in- 
volved in initial Nod-factor perception and a differ- 
ent Nod-factor receptor that could be activated to 
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Fig* 7* Morphogenic fields in the root cortex of Vida. Under 
normal conditions, most nodule primordia are initiated in 
the inner cortex adjacent to one of the protoxylem poles as 
illustrated. (The protoxylem poles are the points adjacent to 
the pericycle). Positional information in the root cortex is ap- 
parently provided by uridine (©), a positively acting stele 
factor released from the xylem poles. Ethylene (0), which 
acts negatively on the initiation of primordia is released by 
cells adjacent to the phloem. When roots are grown in the 
presence of ethylene inhibitors (aminoethoxy-vinyiglycine 
or silver ions), the initiation of nodule primordia is not con- 
fined to the regions adjacent to the xylem poles. (After Heid- 
stra et al* 1997, courtesy of Company of Biologists Ltd.) 



permit infection* This latter receptor would require 
a higher level of specificity* 

The earliest observed responses to Nod factors 
involve ion changes around and within root hair 
cells* Shortly after Nod-factor addition there ap- 
pears to be uptake of Ca^"^ followed a few seconds 
later by efflux of CU, an alkali nis at ion of the ex- 
tracellular medium, and a slightly delayed efflux 
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Fig, 8A>B* Alfalfa root hair cells show repetitive calcium 
spiking in response to host-specific nodnlation signals. 
A Several root hairs on one plant were injected with dex- 
tran-conjugated Calcium Green dye and imaged simulta- 
neously (this figure shows three of six cells measured on 
this plant). When challenged with nanomolar Nod factor 
from an incompatible bacterium, R. ieguminosarum bv. vi- 
ciact no significant change in the basehne signal was ob- 
served (NodRIv). Subsequent perfusion of these same cells 
with Nod factor from a compatible symbiotic bacterium, R. 
melilotiy caused repetitive elevation of cytosolic dye fluores- 
cence intensity after an initial delay of 7-10 min. Calcium 
spikes are asymmetric, rising more quickly than they fall, 
and spiking patterns appear to be relatively cell-autono- 
mous. Cell fluorescence is quantified as the relative change 



in mean pixel intensity, after correction for variation in 
background brightness by dividing the cell signal by the 
background signal. B Ratio metric imaging reveals that cal- 
cium elevation is localized within the cell, initiating in a re- 
gion associated with the cell nucleus and propagating out- 
ward. Pseudo colour images of a cell injected with dextran- 
conjugated Fura-2 dye were acquired at 5-s intervals and 
show a single calcium spike. The calibration scale was de- 
rived in vitro using a series of caldum buffers and shows 
approximate values. The image collected at 15 s has a peak 
of calcium exceeding 500 nM centred around the nuclear 
region and is the only image in which the upper part of 
the calibration scale in used. (Kindly supplied by D. Hhr- 
hardt based on data similar to that reported in Ehrhardt et 
al.) 



of K'*'. These transient changes are associated with 
a depolarization of the root hair plasma mem- 
brane. It has been proposed that these changes 
are part of a signalling response, although the 
possibility that they are a secondary effect of sig- 
nalling cannot yet be ruled out 

Low concentrations of Nod factor induce a peri- 
odic oscillation in cytoplasmic Ca^"^ in root hairs. 
This oscillation can be established within about 
10 min of Nod-factor addition and the periodicity 
is around 1 min (Fig. 8), Most of the change in 



Ca^'^ is seen in the cytoplasm around the nucleus, 
and once established, the oscillations are main- 
tained for extended periods. The source of the 
Ca^"^ has not yet been identified, but on the basis 
of the location of the maximal Ca^"^ concentra- 
tions, it is thought to be released from intracellular 
Ca^"^ stores near the nucleus. Similar oscillations of 
intracellular have been associated with com- 
mitment to development in mammalian cells, and 
it is thought that the Ca^"^ oscillations may have a 
similar role in commitment to nodule develop- 






14 Plant - Microorganism Symbiosis 221 



ment. Support for such a model comes from the ob- 
servation that in an alfalfa mutant, unable to form 
nodules or induce root hair deformation, Nod fac- 
tor did not induce oscillations in intr acellular Ca^"^. 
This suggests that the mutant might be affected in 
an early step in signalling; however, these observa- 
tions are only correlative, and currently there is no 
definitive proof that the Ca^"^ oscillations are an es- 
sential prerequisite for nodule development. 

By analogy with signalling systems in animal 
cells, the possible involvement of Ca^^ suggested a 
potential role for an inositol phosphate/ diacyl-gly- 
cerol type signalling pathway Evidence in support 
of such a Nod factor-induced inositide secondary 
messenger pathway has come from analysis of a 
transgenic legume expressing a reporter gene un- 
der the control of the promoter of an early nodu- 
lation gene {Enodl2). Agonists of GTP-binding 
regulatory proteins that activate phospholipase C 
could mimic Nod factor-induced expression of 
Enodl2, This suggested a role for inositol tripho- 
sphate and diacyl glycerol (produced by phospho- 
lipase C activity) in the signalling pathway Con- 
versely, antagonists of the GTP-binding regulatory 
proteins or inhibitors of phospholipase C activity 
could block induction of Enodl2 expression. 
Clearly further work is needed to provide defini- 
tive evidence that Nod factors activate a signalling 
cascade analogous to that induced by, e.g., hor- 
mones in animal cells, but the preliminary obser- 
vations support such a model 



14 JJ 

NoffuJe Meristerti Initiation^ 

The local de-differentiation of root cortical cells 
followed by cell divisions to initiate a nodule mer- 
istem is thought to be due to Nod-factors induc- 
ing a local change in the auxin ;cytokinin ratio. 
The initiation of cell division is accompanied by 
the expression of several additional genes. Signifi- 
cantly, none of the genes cloned on the basis of 
nodule-specific differential expression correlates 
with the known nodulation-defective legume mu- 
tants, Clearly, identification of these genes will 
give new insights into the pathway leading to 
nodule morphogenesis. 

Several different early nodulin {Enod) genes are 
induced in legumes in response to Rhixobium- 
made nodulation factors. The roles of most of 
these genes are obscure, but they can be used as 
early molecular markers of the development pro- 
cess. Examples include Enod 12 and Enod 2 (see Ta- 
ble 1). One of the earliest genes induced at the on- 
set of nodulation is Enod 40 j which is induced in 
the root pericycle before cortical cell division is in- 
itiated. This gene is very unusual in that, although 
the transcript is about 0,7 kb it encodes only a 
very short peptide of 12-13 amino adds. Initially, 
it was though not to encode a peptide because of 
the absence of a long ORE. However, comparison 
of gene sequences from different legumes revealed 
a short conserved peptide of 12 or 13 residues. 



Table 1, Some early nodulin genes and possible functions 


Early nodulin 


Role 


Expression pattern 


PsBnodl 


Possible cell wall protein 


Inner cortex (nodule parenchyma) 


PsEtsod3 


Possible metal-binding protein 


Early symbiotic ^one of nodule 


P$Enod5 


May be related to arabinogabetan proteins 


Nodule primordium; infected cells of mature 
nodules 


PsEttod? 


May be translocated across membranes 


Expressed in invasion zone of nodule 


MsEfiodS 


Lipasedike 


Nodule-specific 


Enod 12 


Possible cell wall protein 


Root hairs» nodule primordium, invasion zone of 
nodule (also expressed in lateral roots) 


Enod40 


May function as an RNA and/or encode small 
peptide, may initiate ceil division 


Found in dividing cells, and nodule apex 


Mtkipl 


Peroxidase 


Root epidermis 



Nose: Only some Fismn sativum (Ps) mid Medicago sative (Ms) or Medicago truncattda (Mt) early noduliiis are described. 
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When the Medicago sativa Enod40 gene was 
expressed using a constitutive promoter in trans- 
genic Medicago truncatula^ extensive cortical cell 
divisions were observed even in the absence of 
added bacteria or Nod factor. This was accompa- 
nied by increased expression of the marker gene 
Enodl2A. These observations indicate that ex- 
pression of Enod40 plays an important role in 
initiation of cell division. Furthermore, the gene 
is conserved beyond the genera of root nodulat- 
ing plants, and homologues of Enod40 have now 
been found in rice, tobacco and other species, 
which suggests that legumes may have adapted 
some common plant developmental pathway (such 
as initiation of lateral root meristem) to generate 
nodule structures. 

Although the short conserved peptide encoded 
by Enod40 is clearly an important signalling mol- 
ecule, there is good evidence to suggest that an- 
other part of Enod40 also plays an important 
role. Studies with transgenic M. truncatula re- 
vealed that a deleted derivative of Enod40 unable 
to form the short peptide still elicited cell divi- 
sion and Enodl2A induction in Medicago, 

14.3.3 

Phytohormones ^ 

In all plant tissues, the ratio of concentrations be- 
tween auxin and cytokinin is thought to control 
cell cycle activity. The simplest model for nodule 
morphogenesis is that the production of Nod fac- 
tors by rhizobia induces changes in the levels of 
plant hormones, particularly the auxin : cytokinin 
ratio, thereby initiating formation of a new meri- 
stem. Early studies using pea root cortical explants 
demonstrated that addition of cytokinin and auxin 
caused cortical cell divisions at that position in the 
root where nodules would eventually emerge from a 
normal root. In these experiments, cytokinin could 
be replaced by a component isolated from the root 
stele and this factor was purified and shown to be 
uridine. 

Auxin is normally transported actively from 
apex to base of a growing root. Inhibitors of polar 
auxin transport initiate the formation of empty 
nodule-like structures on legume roots, indicating 
a role for auxin in nodule morphogenesis. Addi- 
tion of cytokinins (such as trans -zeaXin) can in- 



duce cell division, in plants and it was shown that 
Rhizobium strains unable to make Nod factors, 
but carrying a gene that encodes trans -zeaiin se- 
cretion, can also induce empty nodules. Thus, 
although auxin and cytokinin seemed to be in- 
volved in the process of nodule morphogenesis, it 
is still unclear how tissue levels of these hor- 
mones are coupled to the infection process. Cyto- 
kinins similar to zeatin are normal intermediates 
in bacterial metabolism and Rhizobium may se- 
crete such products in order to stimulate nodule 
development. 

Another plant hormone, ethylene, is a very 
strong inhibitor of nodulation. Some nodulation- 
defective mutants of pea and Medicago, which are 
blocked at the nodule primordium stage, can be 
stimulated to form nodules if treated with inhibi- 
tors of ethylene formation or action. In situ analy- 
sis of expression of 1 -amino cycloprop ane/carbox- 
ylate (ACC) synthase (the final enzyme of ethyl- 
ene biosynthesis) revealed it to be expressed in 
the cell layers opposite the phloem poles. It is 
thought to act as an inhibitor of nodule initiation 
in this region since there was very little expres- 
sion opposite the protoxylem poles where nodules 
do initiate (Fig. 7). This gradient of positively and 
negatively acting factors (e.g., uridine and ethyl- 
ene respectively) may control the position where 
Nod factor-induced cell division can occur. 

The number of nodules formed on roots is 
controlled by the plant and the concentration of 
available nitrogen is one of the controlling ele- 
ments. Soybean mutants have been identified that 
form nodules in the presence of concentrations of 
nitrate that would normally repress nodule forma- 
tion. These (nts) for nitrate-tolerant-symbiosis 
mutants form abnormally high numbers of nod- 
ules when grown in low levels of added nitrate. 
Reciprocal root-shoot grafting experiments be- 
tween wild- type and nts mutants demonstrated 
that the nitrate-dependent suppression of nodula- 
tion involves some components expressed in the 
shoots and not in the roots. Similar mutants have 
been identified in several legumes, although mu- 
tants have also been found in which there is root 
control of the supernodulation phenotype. 




14 Plant-Microorganism Symbiosis 223 



14.4 

Infection ^ 

14.4.1 

Infection Thread Development 

The rhizobia gain access to the developing nodule 
via the infection thread (Figs. 3, 9), which has a 
wall like a plant cell wall that has invaginated and 
grown like a tube inward through the cell. An ex- 
tension of the plasma membrane surrounds the 
infection thread. Bacteria grow along the lumen 
of the infection thread, and therefore can still be 
considered to be topologically outside the plant 
cell although they are embedded in an extracellu- 
lar matrix that contains plant-made glycoproteins. 
The growing point of the infection thread in root 
hair cells appears to be closely controlled by the 
position of the plant nucleus which precedes its 
growth toward the root cortex. There appear to be 
cytoskeletal structures that connect the nucleus to 
the growing infection thread tip. The infection 
thread then grows through cortical cells toward 
the nodule meristem. 




Fig. 9 A, B. Topology of an infection thread relative to an 
intercellular space. A Initiation of an infection thread in a 
curled root hair. B Propagation of the infection thread as a 
transcellular tunnel through the root cortex. Three-dimen- 
sional representation of the lines connecting X-Y and K-L 
are illustrated in boxes on the right-hand side of the dia- 
gram in order to compare and contrast the topology of a 
transcellular infection thread (which is a cylinder) with a 
transcellular cell plate (which is planar): w wall; m extracel- 
lular matrix material for the infection thread lumen and for 
the contents of intercellular spaces. (Rae et al. 1992 with 
kind permission of Bios Scientific Publishers) 



Although full infection threads require the 
presence of growing bacteria, Nod factors in the 
absence of rhizobia can induce the cytoskeleton 
of cortical cells to reorganize as a preinfection 
structure. These structures are visible as transcel- 
lular cytoplasmic bridges which traverse the outer 
cortical cells on the radial axis, thus establishing 
an oriented pathway for the subsequent growth of 
infection threads through cortical towards the 
central tissues of the root. These cytoplasmic 
bridges, which maintain the nucleus in the centre 
of the cell, are analogous to those formed prior to 
cell division. It therefore seems that instead of the 
cell progressing through a complete cell cycle to 
divide, the cell cycle is initiated but is then ar- 
rested. Thus Nod factors may either induce the 
full cell cycle to initiate a new meristem or a par- 
tial cell cycle that facilitates the subsequent 
growth of infection threads. As shown in Fig. 9, 
the formation of the infection thread may be ana- 
logous to the growth of a new cell wall from the 
cell plate except that instead of producing a plant 
cell wall, a tunnel can be formed. 

The bacteria growing within the infection 
thread, can be visualized by the use of the green 
fluorescent protein. Using this reporter system, it 
has been established that only bacteria at the very 
tip of the infection thread are undergoing cell di- 
vision. There is evidence that the bacterial exopo- 
lysaccharide (EPS) plays a signalling role in the 
maintenance of infection thread growth. S. melilo- 
ti mutants that lack (or have modified) exopoly- 
saccharide induce nodule-like structures which 
contain no bacteria, because infection did not oc- 
cur. If low molecular weight fragments of the exo- 
polysaccharide (from wild-type cells) are added, 
the infection can be reinitiated. It has been sug- 
gested that EPS fragments may suppress plant 
defence responses that otherwise would block 
growth of infection threads. The cell compart- 
ment that comprises the inner part of the infec- 
tion thread is not an easy target for biochemical 
studies. Antibody probes indicate that it is analo- 
gous to intercellular spaces and that some pro- 
teins expressed in intercellular spaces are also 
present in the infection thread matrix. 
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14.4.2 

Bacterial Release 

As the infection thread approaches the region of 
newly dividing nodule meristematic cells, it 
branches, carrying the bacteria into many cells in 
the developing nodule. Vesicles are then pinched 
off into the cytoplasm each containing one bacter- 
ium surrounded by a plant membrane, the peri- 
bacteroid membrane (Fig. 10). The released bacte- 
ria form part of the symbiosome, a specialized 
compartment comprising bacteroids (either singly 
or in small groups) enclosed by a symbiosomal 
(or peribacteroid) membrane. Although similar to 
the plasma membrane, it appears to contain some 
characteristic proteins not found on the plasma 
membrane. Little is known about why the infec- 
tion thread branches or what signal causes the 
bacteria to be released at this stage rather than en 
route through other cortical cells. Bacterial mu- 
tants (altered in lipopolysaccharides) have been 
identified that are not properly released from the 
infection thread, implying that the lipopolysac- 
charide may confer some recognition function at 
this stage. When the bacteria have been released, 
they alter shape and increase in size (Fig. 10). The 
form of the bacteria within the peribacteroid 
membrane varies among legumes: in some leg- 
umes such as peas, single bacteria enlarge into Y- 
shaped pleiomorphic forms, whereas in other 
symbioses, the bacteria go through one or two 
doublings without concomitant division of the 
peribacteroid membrane envelope. 

14.5 

Nodule Organogenesis 



14.5.1 

Tissue and Cell Development^ 

Nodules with an indeterminate meristem (which 
continues to grow), such as those found in some 
species including pea {Pisum sativum L.) and al- 
falfa (Medicago sativa L.), show an axis of cell de- 
velopment along the median longitudinal section 
of the nodule and a number of developmental 
zones have been delineated (Fig. 11). There is a 
persistent apical meristem (zone I), followed by a 




Fig. 10. Endocytosis and the development of bacteroids. 
Rhizobia {R ) are taken into the host cytoplasm by endocy- 
tosis, i.e., by involution of the plasma membrane from the 
infection thread (IT) or infection droplet (ID). Following 
release into the host cytoplasm, subsequent growth and di- 
vision of bacteroids (B) necessitates further extension of 
the symbiosomal membrane. This is achieved by targeted 
fusion of vesicles derived from the Golgi or endoplasmic 
reticulum. It has been suggested that membrane- anchored 
phosphatidyinositol-3-kinase and small GTP-binding pro- 
teins might be involved in the targeting of membrane vesi- 
cles to the symbiosome compartment. The mature symbio- 
some consists of bacteroids surrounded by the peribacter- 
oid space (pbs) and the peribacteroid membrane (pbm). 
(Brewin et al. 1992 with kind permission of Academic Press 
Ltd. London) 



prefixation zone (II), interzone (II/III) and a ni- 
trogen-fixing zone (III). In the prefixation zone, 
rhizobia spread through transcellular infection 
threads and are released into the host cytoplasm. 
In interzone II/III, the symbiosome apparently 
differentiates into a N 2 -fixing organelle-like struc- 
ture. This transition involves changes in the com- 
position of symbiosomal membrane and of the 
bacteroid cell wall. At the same time, there is 
transcriptional induction of genes encoding nitro- 
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Nodule endodermis 

Infected tissue 
Uninfected parenchyma 

Outer cortex 
Vascular tissue 



Root endodermis 
and pericycle 




Fig. 11. Diagrammatic longitudinal section illustrating the 
organization and development of an indeterminate nodule. 
The pea nodule has an apical meristem which is uninfected 
(zone I) and gives rise both to specialized uninfected tis- 
sues and to a central mass of cells which are invaded by 



rhizobia (zone II). Intracellular bacteria differentiate within 
organelle-like structures termed symbiosomes (zone II/III). 
They develop the capacity for nitrogen fixation (zone III) 
and then ultimately senesce (zone IV). Zone I-IV are de- 
scribed by Vasse et al. (1990) for nodules of alfalfa 



genase and related functions. Mature infected 
cells containing symbiosomes occupy zone III of 
the nodule in which nitrogen fixation take place. 
Ultimately, symbiosomes and host cells senesce in 
zone IV at the base of the nodule. 

Not all legumes have nodules with indetermi- 
nate meristems: for example, soybean and Phaseo- 
lus bean have spherical nodules in which the mer- 
istematic cells themselves become infected with 
rhizobia at an early stage of development. This 
leads to the development of so-called determinate 
nodules in which all host cells in the central re- 
gion of the nodule are at more or less the same 
stage of development. 

Surrounding the central infected tissue in de- 
veloping nodules is a continuous sheath of endo- 
dermal cells. These suberized cells are apparently 
an extension of the endodermal sheath of the root 
vascular tissue and may be modified to limit dif- 



fusion of solutes through the extracellular space. 
The vascular strands of the nodule are distributed 
beneath the nodule endodermis. Just internal to 
the endodermis is the uninfected inner cortex: 
here, the cell layers are tightly packed with no air 
spaces at intercellular junctions. It is thought that 
this cell layer may represent a barrier to the free 
diffusion of oxygen because elsewhere in the nod- 
ule (both in the outer cortex and in the central 
infected tissue) there are many intercellular air 
spaces through which oxygen can diffuse much 
more freely. Intense respiration by rhizobia in the 
central tissues of the nodule serves to reduce the 
ambient concentration of oxygen in the vicinity of 
bacteroids to 3-30 nM, which is sufficiently low 
to allow the oxygen-sensitive processes of biologi- 
cal nitrogen fixation to take place. Despite the low 
ambient concentration, a high flux of oxygen to 
bacteroids is sustained because host cells carry 




226 J-A. Downie and NJ. Brewin 



high concentrations of leghaemoglobin, a nodule- 
specific cytoplasmic plant haemoprotein that facil- 
itates intracellular diffusion of oxygen. In parallel, 
the bacteroids induce a very high affinity cyto- 
chrome oxidase that functions at very low oxygen 
concentrations and has been shown to be essen- 
tial for symbiotic nitrogen fixation (Fig. 12). 

At the level of genes and gene products, the pro- 
cess of tissue and cell invasion is being analyzed in 
a variety of ways. Symbiotically defective mutants 
of plants and bacteria with a range of phenotypes 
are being used to define the sequence of events as- 
sociated with nodule maturation and nitrogen fixa- 
tion. At the same time, individual plant genes and 
gene products have been identified on the basis of 
differential expression or topological position with- 
in the nodule tissue (Table 1). Molecular probes 
(arising from antibodies or cDNA clones) have 
helped to analyze the cytological expression of 
these genes (by in situ hybridization) or gene prod- 
ucts (by immunolocalization): examples of these 



approaches are illustrated in Fig. 13. More re- 
cently, techniques of plant transformation have 
been exploited to examine gene expression in 
vivo, through the use of promoter/reporter gene fu- 
sions, and to examine gene function through the 
use of antisense suppression constructs. 

14.5.2 

Differentiation of the Symbiosome Compartment^ 

As with many biological processes, morphogen- 
esis and metabolic specialization are inextricably 
linked in legume nodule development. However, 
biological nitrogen fixation by rhizobia is physio- 
logically impossible during the first 5-10 days of 
nodule development. During the process of bac- 
teroid differentiation and adaptation to their spe- 
cialized nitrogen-fixation role, many rhizobial 
genes are induced. These are required for the reg- 
ulation, synthesis and assembly of the bacteroid 
nitrogenase, and for the formation of a branch of 




Fig. 12. Diagram illustrating bacteroid metabolism and in- 
teractions with the host plant cytoplasm. The bacteroid is 
enclosed within the peribacteroid membrane (PBM) form- 
ing an organelle-like structure, the symbiosome. Bacteroids 
“fix” nitrogen {N 2 ) using the enzyme nitrogenase which re- 
quires iron (Fe) and molybdenum (Mo) assembled into a 
complex inorganic cofactor. Ammonia (NH 3 ), which is the 
immediate product of N 2 fixation, is excreted by bacteroids 
and assimilated through the activity of glutamine synthe- 
tase in the host plant cell. Dicarboxylic acids, supplied 



through the peribacteroid membrane, are the substrates for 
oxidative phosphorylation. In the microaerobic conditions 
prevailing in the centre of the nodules, leghaemoglobin 
(Lb) serves as a facilitated carrier of oxygen across the 
plant cytoplasm; the plant leghaemoglobin genes have been 
extensively characterized. The bacteroid has a specialised 
electron transport pathway (encoded by the fixNOQP oper- 
on) that is terminated by an oxidase with a very high affin- 
ity for oxygen 
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Fig, 13 a, b. In situ localization with cDNA or antibody 
probes* a Expression of the early nodulin gene ENOD2 in 
uninfected cells of the pea nodule parenchyma, as detected 
using an antisense cDNA probe* Transection through a root 
with a 10-day-old nodule visualized by bright field {upper) 
and dark field microscopy (lower), in which the autoradio- 
graphic signal is visible as white silver grains over the in- 
ner cortex (IC). CC central cylinder of the root^ RC root 
cortex; M apical meristem of the nodule; HS early symbio- 
tic growth zone of the nodule central tissue; OC nodule 
outer cortex. Bar 250 pm. (Photographs courtesy C. Vande- 
Wiel et al. 1990)- b Transverse section of an infection 
thread showing two bacteria embedded within the lumen of 
the infection thread. A plant glycoprotein (asterisk) in the 
luminal matrix was localized using colloidal gold particles 
coupled to monoclonal anlibody MAC 265. Bar 0*5 pm. 
(Courtesy K. A* Vanden Bosch) 



the electron transport pathway that is terminated 
by the cytochrome oxidase with a very high affin- 
ity for oxygen. The primary control for induction 
of these genes is via a specialized sensor-kinase 
protein (FixL) that spans the bacteroid membrane 
and has an oxygen-binding haem group located 
on the outside of the bacterial membrane and a 
histidine kinase domain on the cytoplasmic side 
of the membrane, FixL phosphor ylates FixJ, the 
regulatory component of this bacterial two-com- 
ponent sensor-regulator. The phosphorylated form 
of Fix) activates the expression of other regulators 
including nifA and fixK, whose products control 
the expression of those genes required for nitro- 
gen fixation and bacteroid respiration. 

The close metabolic integration of bacteroid 
and host cell is vividly illustrated by the structure 
and development of symbiosomes (Figs. 10 and 
12). In effect, these structures are nitrogen-fixing 
(symbiotic) organelles* Endosymbiotic bacteroids 
are enclosed (individually or in dusters of 6-12, 
depending on the host legume) by a plant-derived 
membrane {the perihacteroid or symbiosomal 
membrane). This membrane appears to regulate 
bacteroid activity by controlling metabolic fluxes 
to and from the bacteroids* The evidence from 
transport studies indicates that dicarboxylic acids 
(not sugars) are the main source of respiratory 
substrates for bacteroids. This notion is supported 
by the fact that bacterial mutants defective in the 
uptake of dicarboxylic acids are symbiotically de- 
fective* In addition, plant-derived protein material 
may enter the perihacteroid fluid as a result of fu- 
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sion of Golgi-derived vesicles with the symbioso- 
mal membrane. 

Nitrogen-fixing bacteroids apparently take up 
dicarboxylic acids for oxidative respiration and 
excrete fixed nitrogen as ammonia (NH3). For 
reasons that are still not entirely clear, the ntrC- 
regulated operons (involved in assimilation of am- 
monia) or rhizobia are not expressed in mature 
bacteroids. By implication, metabolism of bacter- 
oids may not be nitrogen-limited but, if so, it is 
not clear what the source of nitrogen might be. 
The uptake of dicarboxylic acids and excretion of 
NH3 by bacteroids serve to prevent the acidifica- 
tion of the symbiosomal compartment which 
would otherwise occur because of the activity of a 
plant vectorial ATPase and a plant dicarboxylate 
transport system, both of which are located on 
the symbiosomal membrane. Bacteroids of non- 
fixing mutant strains of rhizobia proceed very 
rapidly into the senescent phase, implying that 
the activity of nitrogen fixation is somehow ne- 
cessary to ensure the survival of bacteroids in the 
symbiosomal compartment. Ammonia excreted 
from bacteroids is transported across the peribac- 
teroid membrane by a special ammonium trans- 
porter and is then rapidly assimilated by the host 
cell through the combined action of glutamine 
synthase and glutamine-2-oxoglutarate amino- 
transferase, which are strongly induced in nod- 
ules. Various other nitrogen-assimilation proteins 
are induced in nodules. In many legumes, aspara- 
gine is the major form of nitrogen exported from 
the nodules. In others, the fixed nitrogen is used 
to form purines that are converted to ureides, 
(allantoin and allantoic acid), which are then ex- 
ported from the nodule. 

Each host cell contains several thousand bacter- 
oids. Because each bacteroid (or group of bacter- 
oids) is sheathed by symbiosomal membrane, it is 
clear that the total quantity of symbiosomal mem- 
brane greatly exceeds the quantity of plasmamem- 
brane (perhaps 50- 100-fold greater in mature host 
cells). Therefore the pathways of membrane bio- 
genesis are enormously amplified in developing 
nodule cells. Formation of these membranes may 
be a good system for the further analysis of plant 
membrane biogenesis and vesicle targetting via 
the trans -Golgi network. What makes the system 
so fascinating is that the symbiosomal membrane 



appears to acquire specialized targeting pathways 
which are distinct from those to either the plasma 
membrane or the tonoplast. It has been hypothe- 
sized that the symbiotically defective pea mutant 
Sprint 2 Fix may be blocked in the development of 
this specialized targeting pathway because in this 
mutant the composition of the symbiosomal mem- 
brane does not appear to differentiate relative to 
the plasmamembrane and, correspondingly, the en- 
closed rhizobia do not appear to differentiate the 
capacity for nitrogen fixation. In all eukaryotic 
cells, a family of small GTP-binding proteins 
(termed Rab proteins) has been shown to be in- 
volved in the regulation of membrane trafficking. 
Several examples of Rab homologues have been 
identified in legume nodules. Expression of the 
rab? gene is enhanced significantly during nodula- 
tion, and inhibition of rab 7 expression within nod- 
ules has been found to result in the accumulation of 
late endosomes and multivesicular bodies in the 
perinuclear region. These observations indicate 
an important role for rab? in membrane biogen- 
esis during nodule development. 

14.6 

Summary and Outlook 

Analysis of the regulation, structures and func- 
tion of rhizobial nodulation genes has led to an 
understanding of the host-specific signalling that 
occurs between bacteria and legumes to initiate 
nodule organogenesis. Bacterially made lipochitin 
oligosaccharide Nod factors initiate a plant devel- 
opmental pathway. A key objective will be to iden- 
tify the plant receptor(s) that recognise Nod fac- 
tors. The specificity contained within Nod factors 
suggests that receptors from different legumes 
will have the ability to distinguish at least some 
of the structural characteristics of Nod factors 
from different rhizobia. Identification of the re- 
ceptor may result from biochemical approaches to 
identify Nod factor-binding proteins or possibly 
by positional cloning or gene tagging from nodu- 
lation-defective plant mutants. 

The induction of Ca^'*' oscillations in response 
to Nod-factors implies a Ca^'^-mediated signalling 
pathway, possibly with an involvement of inositol- 
phosphate-based intermediates analogous to sig- 
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nailing pathways in animal cells. However, the 
mechanism of induction of the early nodule re- 
sponse genes (early nodulins) remains to be es- 
tablished. One of these early nodulins, Enod40y is 
of particular interest since it is likely to play a 
controlling role in nodule morphogenesis; a short 
peptide encoded by Enod40 appears to be impor- 
tant, and there is evidence to suggest that other 
parts of the Enod40 transcript play an important 
role in nodule morphogenesis. 

There are several nodulation-defective legume 
mutants and characterization of these genes is 
likely to be a major objective in the coming years. 
It seems unlikely that these mutations affect 
highly expressed genes. Furthermore, the observa- 
tion that some plant Nod mutants are also unable 
to form a symbiosis with mycorrhizal fungi sug- 
gests that at least some of the mutations affect the 
plant’s ability to sense the rhizobia and regulate 
developmental responses that are shared by the 
nitrogen-fixing and mycorrhizal symbioses. 

The plant suppresses many potential infection 
events but we still do not understand what mech- 
anisms lie behind this suppression and, conver- 
sely, the maintenance for those infections that are 
successful. There are clear indications that the 
bacterial cell surface plays an important role, par- 
ticularly fragments of exopolysaccharide that 
seem to suppess plant defence responses during 
invasion. One intriguing question is why nitro- 
gen-fixing organelles have not been adopted by 
evolving plants in the same way as, e.g., chloro- 
plasts. There is no clear answer to this. Possibly, 
the opportune time during plant evolution oc- 
curred when fixed nitrogen (e.g., as ammonia) 
was widely available and so there was no selective 
advantage. Alternatively, the intrinsic oxygen sen- 
sitivity of nitrogenase may have been incompati- 
ble with oxygen production in early photosyn- 
thetic plants that were rapidly evolving. 

Given the complexity of the Rhizobium -legume 
symbiosis it is difficult to foresee a time when 
non-legumes will be genetically engineered to 
produce nitrogen-fixing plants. However, there are 
opportunities to understand why so many plants 
can form symbiotic associations with mycorrhizal 
fungi but not bacteria. This is a relevant question 
in view of the fact that some nodulation-deficient 
plant mutants are also defective for the mycorrhi- 



zal symbiosis, indicating that the two symbioses 
have common components. 

In agronomic terms, an achievable outcome may 
be the improvement of the performance of symbio- 
tic nitrogen fixation, possibly using plant mutants 
modestly increased for nodule number. Several 
bacterial mutants with increased symbiotic perfor- 
mance have already been identified. There is a pos- 
sibility of genetically engineering legumes in such a 
way that there can be relatively specific infection by 
defined (desirable) bacterial strains, leading to an 
overall improvement in the symbiosis. 
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15 Caenorhabditis elegans: Embryonic Axis Formation; 
Signalling in Early Development 

Craig P. Hunter 



15.1 

Introduction ^ 

Caenorhabditis elegans is a small free- living soil 
nematode that has been adopted by over 200 labo- 
ratories worldwide as a model organism for inves- 
tigating the genetic mechanisms of animal devel- 
opment and behavior. The 1-mm-long adult her- 
maphrodite {essentially a female, except that the 
first 300 germ cells differentiate as sperm which 
are stored internally to self- fertilize subsequent 
oocytes) produces approximately 300 self-progeny 
or, if crossed with males, over 1000 cross-progeny 
embryos. Approximately 14 h after fertilization {at 
25 “C) the embryo hatches as a fully formed juve- 
nile worm, or first stage larva (LI) composed of 
55S cells in the hermaphrodite. Most of the cells 
in the L 1 larvae are fully differentiated and do 
not divide further. However, the gonad, germ 
cells, and a set of 28 cells (32 in males) do grow 
and divide postembryonically, contributing to ani- 
mal growth and sexual spec ilizat ions {Fig. 1). One 
and a half days after hatching, the L4 larvae 
molts into a fertile adult hermaphrodite contain- 
ing 959 somatic cells (1031 if male). 

The small size, rapid life cycle, and hermaph- 
rodite mode of reproduction have contributed 
greatly to the genetic analyis of C. elegans. 
Furthermore, since all the cells are transparent at 
all stages of the life cycle, it has been possible to 
follow C. elegans development from a single fertil- 
ized egg to a mature adult by recording the time 
and division axis (anterior-posterior, left-right, 
dorsal-ventral) of every cell division. This analysis 
showed that C. elegans development is nearly in- 
variant: the same sequence of cell divisions pro- 
duces the same differentiated cell in every animal. 

The sequencing of the C. elegans genome will 
soon be complete (end of 1998). Nearly half the 



predicted C. elegans proteins are similar to pro- 
teins in other organisms. With the advent of rapid 
and simple reverse genetic techniques, the devel- 
opmental and cellular requirements for any gene 
product can be quickly and thoroughly deter- 
mined. One of these new techniques is called 
RNAi, for RNA-mediated interference. Remark- 
ably, injecting adult animals with double- stranded 
RNA homologous to the gene of interest can in- 
terfere specifically with the function of that gene 
in the subsequently fertilized embryos. The “mu- 
tant” phentoypes produced by RNAi are often in- 
distinguishable from those of null alleles. Many of 
the C elegans developmental control proteins 
identified and chracterized by either reverse or 
classical genetics have similar developmental 
functions in other animals. Therefore, it is likely 
that the devlopmental strategies and molecular 
mechanisms that are discovered and characterized 




Fig. L The C. elegans life cycle at 25 showing approxi- 
mate duration of embryogenesis and developmental stages 
in hours, (Edgar 1990) 
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in this experimentally accessible model organism 
will be similar to those that operate in more com- 
plex animals with many cells* 

15,2 

Overview of Axis Formation 
and Early Embryogenesis^ 

The specification of each of the embryonic axes 
of C elegans is a rapid and well-described process 
amenable to genetic analysis. The generation of a 
body axis can be divided into two steps: the des- 
ignation of the axis and the specification of its 
polarity. In C. elegans the anterior-posterior axis 
and its polarity are established simultaneously by 
the position of sperm entry at fertilization. How- 
ever, both the dorsal- ventral and left -right em- 
bryonic axis are perceptible by cellular and mor- 
phological events before their polarity is estab- 
lished; subsequent cell-cell interactions act to 
break the symmetry of these early axes. Thus, 
manipulations that alter cell-cell contacts have 
successfully reversed the polarity of the embryo- 
nic dorsal-ventral and left-right axes. 



15 , 2.1 

Fertilization and the First Mitotic Division 

Embryogenesis begins with fertilization {Fig. 2) 
which initiates the formation of a rigid imperme- 
able eggshell about 50 microns long and 30 mi- 
crons wide. The eggshell both protects the growing 
embryo and participates in the generation of an in- 
variant cell lineage by sterically restricting cell po- 
sitions during the early cleavages. Immediately fol- 
lowing fertilization, the maternal pronucleus com- 
pletes both meiosis 1 and II, At this time, an ac- 
tin-dependent reorganization of the cytoplasm is 
made evident by active cytoplasmic streaming, cor- 
tical contractions, and a dramatic pseudocleavage. 
Concomitantly, the maternal pronucleus migrates 
posteriorly to meet the sperm prooucleus. The 
pair of haploid nuclei then migrate together to 
near the center of the egg, their nuclear mem- 
branes dissolve and then, using the sperm cen- 
trioles, the first zygotic spindle is assembled along 
the anterior-posterior axis of the egg. Prior to mi- 
tosis the posterior centriole migrates towards the 





Fig, 2 a-e. Cytoplasmic reorganization in the first cell cvde. 
Anterior is to fiie left; s sperm nucleus; o oocyte nucleus; 
dots P-granules. a Sperm (s) entry establishes the posterior 
pole and initiates completion of oocyte meiosis (o). b The 
meiotic remnants are discarded as polar bodies (pb) at the 
anterior pole and cytoplasmic flow (thin arrows) and 
maternal pronuclear migration (large white arrow) begin, 
c The cytoplasmic reorganization culminates in a pseudo- 
cleavage and the near complete segregation of P-granules, 
d,e The pronuclei meet in the posterior, migrate together 
to the middle of the embryo and set up the first zygotic 
spindle. This spindle is asymmetric in structure and posi- 
tion 
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posterior. Since the orientation and position of the 
spindle determine the position of cell cleavage, the 
first cleavage is asymmetric. 

15.2.2 

The Three Embryonic Axes 

The first cleavage is asymmetric, producing a 
larger anterior blastomere (AB) and a smaller 
posterior blastomere (Pi) (Fig. 3). The AB blasto- 
mere divides earlier and transverse to the long 
axis of the eggshell, producing two similarly sized 
blastomeres, while the Pi blastomere divides 
along the anterior-posterior axis, producing a 
larger anterior blastomere (EMS) and a smaller 
posterior blastomere (P 2 ). The eggshell constrains 
the relative positions of these four blastomeres. 
The extension of the Pi spindle forces the AB 
daughters to rotate relative to the anterior-posteri- 
or axis producing an anterior daughter (AB.a) 
and a posterior-dorsal daughter (AB.p). The EMS 
blastomere then occupies the ventral position and 
the P 2 blastomere the most posterior position. 
However, if the eggshell and vitelline membrane 
is removed prior to these two cleavages, the 4-cell 
embryo assumes a symmetric T shape with the 
EMS blastomere in contact with both AB daugh- 
ters and Pi in contact with EMS (Figs. 3, 4). After 
the first two cleavages, the anterior-posterior and 
dorsal-ventral axis are set and therefore, by de- 
fault, these two axes determine the left-right axis 
of the embryo. AB.a and AB.p subsequently divide 
symmetrically along the left-right axis, with the 
left daughters occupying a slightly anterior posi- 
tion to that of the right daughters (Fig. 4). Both 
EMS and P 2 divide along the anterior-posterior 
axis; the P 2 division, like the Pq and Pi divisions, 
produces smaller posterior daughters. Thus, the 
first three sets of cleavage divisions produce an 
embryo in which the polarity of the three em- 
bryonic axes is evident by the relative position 
and size of the eight blastomeres. 

15.2.3 

Cell Signals and Asymmetrically Segregated Molecules 

The fates of the first two blastomeres and of their 
descendants are determined by the unequal segre- 




Fig. 3 a-e. The first cleavage is asymmetric producing dif- 
ferent-sized blastomeres that divide at different rates and 
with different spindle orientations. The larger anterior blas- 
tomere, AB, divides first along the future dorsal ventral 
axis (c). This division axis is determined by the position of 
the centrioles. a After centriole duplication, both the AB 
and Pi centrioles migrate to dorsal-ventral positions, b The 
Pi centrioles then rotate to align on the anterior-posterior 
axis, d The eggshell appears to constrain the relative posi- 
tion of the blastomeres at the 4-cell stage, e Removing the 
eggshell and vitalline membrane cause the embryo to devel- 
op in an extended T shape, disrupting critical cell contacts 



gation of molecules during the divisions and by in- 
tercellular interactions. The AB and Pi blastomere 
and their descendants differ in cell cycle times 
and in developmental potential: an isolated AB 
blastomere produces predominantly ectodermal 
cell types, while an isolated Pi blastomere pro- 
duces endodermal, mesodermal, and ectodermal 
cell types. Genetic and molecular studies have 
now identified several of the factors that are 
segregated at first cleavage as well as molecules 
that act to localize these gene products in the early 
embryo. 
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Fig. 4. The early cell lineage and the establishment of visi- 
ble asymmetries along all three embryonic axis. Divisions 
are shown by a horizontal line, cells by vertical lines. The 



anterior (or left or ventral) cell of a division pair is placed 
on the left of each division line. Cell types characteristic of 
each blastomere lineage are indicated 



Subsequent cleavages along the anterior-poste- 
rior axis produce additional blastomeres with dis- 
tinct developmental potentials while cleavage divi- 
sions along the dorsal-ventral and left-right axis 
produce pairs of blastomeres with equivalent de- 
velopmental potential. Spatially restricted cell sig- 
nals act to differentially specify the fates of equi- 
potent blastomeres. Embryo manipulations can 
swap blastomere fates along the dorsal-ventral or 
left-right embryonic axis, essentially reversing the 
polarity of these embryonic axis, while removing 
or laser-ablating the signaling blastomeres causes 
equivalent blastomeres to develop similarly. 

15.2.4 

The Gene Activities That Pattern the Early Embryo 
Specify Blastomere Identity 

Isolated early blastomeres produce different cell 
types indicating that cell fate is already deter- 
mined in the early embryo. Genetic screens for 
maternal effect lethal mutants have identified sev- 
eral key regulators. Phenotypic characterization of 
these mutants revealed that these genes specify 
blastomere identity. That is, mutations that elimi- 



nate the function of these genes or make them in- 
appropriately active affect the cell lineages of the 
early blastomeres, leading to altered cell types. 
These genes encode proteins with a variety of 
cellular functions, including: transcription factors 
localized exclusively to the blastomere in which 
they function or active in only a subset of the 
blastomeres where they are expressed; RNA-bind- 
ing proteins that regulate the spatial and temporal 
translation patterns of transcription factors; li- 
gands and receptors that mediate intercellular sig- 
nals as well as the downstream effectors of these 
signals; and proteins involved in the processing 
and secretion of the ligands. 

15.3 

Establishing Anterior-Posterior Polarity 
in the Zygote^ 

15.3.1 

The Sperm Entry Position Determines 
the Posterior Pole 

In C. elegans the position of sperm entry deter- 
mines the posterior pole of the zygote. Both her- 
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maphrodite and male sperm reside in the sper- 
matheca, an organ that lies between the oviduct 
and uterus (Fig. 5). Mature oocytes are fertilized 
as they pass through the spermatheca to the 
uterus. The C. elegans germline is syncytial, with 
germcells maturing along the distal to proximal 
axis of the gonad. This arrangement leads to the 
entry of sperm on the proximal side of the ma- 
ture oocyte. Additionally, the oocyte pronucleus 
is displaced distally, so that the maternally pro- 
duced polar bodies are extruded opposite the 
sperm entry position and consequently mark the 
anterior end of the embryo. The occasional obser- 
vation of a posteriorly localized polar body sug- 
gests that anterior-posterior polarity is not a 
property of the oocyte. Also experimental manip- 
ulation of fertilization showed that the position of 
sperm entry correlates with the future posterior 
pole of the zygote. Thus, preexisting oocyte polar- 
ity, if present as represented by the asymmetri- 
cally localized oocyte nucleus, is reorganized in 
response to sperm entry position. However, since 
some nematode species are parthenogenic, the 
position of sperm entry cannot be the only deter- 
minant of polarity. The examination of evolutio- 
narily distinct nematodes identifies two kinds of 



zygotic polarity according to the behavior of the 
cytoplasm following fertilization. In some nema- 
todes, the polarity of the first division is not ac- 
companied by obvious cytoplasmic reorganiza- 
tion, suggesting that the ooplasm is polarized 
prior to fertilization. In other nematodes, as in C. 
elegansy a significant cytoplasmic reorganization 
correlates with sperm entry or oocyte nucleus po- 
sition, suggesting that the ooplasm is polarized 
after fertilization (parthenogenic nematodes are 
represented in both classes). 

Zygotic polarity is determined by the position 
of sperm entry at fertilization. The most obvious 
role for the sperm in this process is the microtu- 
bule-organizing activity of the sperm centriole. 
Following the completion of oocyte nuclear meio- 
sis non-spindle microtubules are seen extending 
from the paternal (sperm) pronucleus towards the 
cortex and the anterior. Experiments with micro- 
tubule inhibitors show that microtubules are re- 
quired for several aspects of early embryogenesis, 
but they have not yet been shown to be required 
for the polarity of the cytoplasmic reorganization. 
However, similar studies have indicated a signifi- 
cant role for microfilaments. 
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Fig. 5. The polarity of germ cell development influences the 
position of the embryonic polar bodies. Germ cells mature 
as they move distal-to-proximal along the tube-like her- 
maphrodite gonad. The first germ cells to mature differenti- 
ate as sperm and are stored in the spermatheca. Subsequent 
germ cells differentiate as oocytes. As the oocytes enlarge, 
the oocyte nucleus is displaced distally. Upon fertilization, 
the oocyte nucleus completes meiosis and extrudes the 
meiotic remnants on the oocyte distal surface. Since the 
oocyte is quickly fertilized by waiting sperm as it passes 
through the spermatheca, the point of sperm fusion, and 
therefore the posterior end of the embryo, is most often the 
proximal surface of the oocyte 



15 . 3.2 

Cytoplasmic Reorganization 
Is Dependent on Microfilaments 

Following meiosis, cytoplasmic reorganization is 
revealed by a series of posterior to anterior corti- 
cal contractions that culminate in a pseudoclea- 
vage (Fig. 2). Concordantly, the maternal pronu- 
cleus migrates posteriorly and cytoplasmic stream- 
ing is observed; cortical cytoplasm streams ante- 
riorly, while medial cytoplasm flows posteriorly. 
Actin foci accumulate anteriorly during this stage 
and P-granules (ribonucleoprotein particles that 
are observed to segregate with the germline) mi- 
grate with the cytoplasmic flow and accumulate at 
the posterior. Those that remain in the anterior dis- 
appear, suggesting that factors controlling P-gran- 
ule stability are also segregated during this first 
cell cycle. Treating embryos with the microfila- 
ment-destabilizing drug cytochalasin D inhibits 
cortical contractions, pseudocleavage, and cyto- 
plasmic streaming. Rather than at the posterior. 
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Untreated 




Fig. 6. Cleavage axis and P-granule distribution (dots) in 
cytochalasin D-treated embryos. A brief treatment with cy- 
tochalasin D prior to first cleavage can alter the cleavage 
axis and cell polarity in early embryos. All four patterns 
are observed with the same treatment. Anterior is to the 
left 

P-granules are found to congregate in the middle of 
the embryo, where the maternal and paternal pro- 
nuclei also meet. 

In a series of elegant experiments, cytochalasin 
D was perfused into embryos for brief intervals 
and subsequently diluted out. Removal of the cy- 
tochalasin D allows microfilament-dependent de- 
velopment to continue so that changes in cell 
cleavage patterns and cell fate can be determined. 
These experiments defined a critical interval in 
the middle third of the first cell cycle (see 
Fig. 2 b, c) during which actin filaments are re- 
quired. Disrupting actin filaments during this 
critical interval can result in nearly normal zygo- 
tic polarity, reversed zygotic polarity, or bipolar 
zygotic polarity, where both daughter blastomeres 
follow either an anterior-like or a posterior like 
cleavage patterns (Fig. 6). These experiments de- 
monstrate that the cytoskeleton is a key compo- 
nent in the establishment of zygotic polarity. 



15.3.3 

Gene Activities Required for Embryonic Polarity 

Genetic screens for maternal effect lethal mutants 
with symmetric early cleavage divisions have 
identified six par loci (partitioning defective). The 
par mutations are strict maternal effect loci. 
Homozygous par embryos from par/+ hermaph- 
rodites develop normally. However, all progeny 
from a par/par homozygous mother are mutant 
(both homozygous par/par self-progeny and het- 
erozygous (parl-\-) cross-progeny produced by 
mating to a wild-type male; hereafter referred to 
as par mutant embryos). Mutations in the par 
genes disrupt multiple aspects of polarity in the 
early embryo; including cytoplasmic reorganiza- 
tion, asynchronous blastomere divisions, P-gran- 
ule localization and, except for par-4, all cause 
the first blastomere division to be symmetric 
rather than asymmetric. 

15.3.3.1 

Spindle Orientation in the 2-Cell Embryo 

Spindle orientation in the 2-cell embryo is also af- 
fected by par mutations. Immediately following 
the first cleavage, the centrioles are located ante- 
rior to the AB nucleus and posterior to the Pi nu- 
cleus (Fig. 3). In both blastomeres the centrioles 
duplicate and migrate in opposite directions in 
the future dorsal-ventral plane. The AB centrioles 
remain in these positions and assemble a trans- 
verse spindle. The Pi centrioles undergo a further 
rotation to occupy positions anterior and posteri- 
or to the Pi nucleus. Therefore, an anterior-poste- 
rior spindle is assembled. In par-2 and par-5 mu- 
tants the Pi centrioles do not undergo the addi- 
tional rotation and a transverse spindle is as- 
sembled (Fig. 7). In contrast, in par-3 and par-6 
mutants the AB centrioles undergo a Pi -like rota- 
tion and a longitudinal spindle is assembled. Fi- 
nally, par-2 par-3 double mutants resemble par-3 
single mutants where both the AB and Pi spindles 
are oriented longitudinally. This indicates that 
these par gene products are not required for the 
additional spindle rotation and suggest that the 
anterior-posterior orientation is the default orien- 
tation. One model suggested by these observa- 
tions (and supported by PAR-3 protein localiza- 
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Fig. 7. P-granule localization patterns and spindle orienta- 
tions in par mutants. P-granules are not detected in 2-cell 
par-1 embryos but are detected in all blastomeres at the 
4- cell stage, par- 2 and par- 5 mutants affect the cortical but 
not the posterior localization of P-granules. Both spindles 
are transverse, par-3 and par-6 mutants can have a variety 
of P-granule defects. The double-posterior pattern, unique 
to these mutants, is shown here. Both spindles are aligned 
along the anterior-posterior axis. In par-4 mutants P-gran- 
ules are dispersed throughout the early embryo and spindle 
orientations are variable in both blastomeres 




tion studies) is that par-3 and par-6 act in AB to 
prevent the spindle rotation and par-2 and par-5 
in Pi to inhibit par-3 and par-6, 

15.3.3.2 

The PAR Proteins Are Asymmetrically Localized 

Three of the par genes have been cloned and their 
protein products localized in the early embryo. In 
mature oocytes PAR-1 and PAR-2 are distributed 
uniformly around the cortex but following fertili- 
zation both progressively localize to the posterior 
cortex. PAR-3 is not detected in oocytes, but fol- 
lowing fertilization it accumulates at the periph- 
ery of the anterior cortex. This reciprocal localiza- 
tion pattern of PAR-l/PAR-2 and PAR-3 appears 
to be significant. The PAR protein-staining pat- 
terns in par mutant embryos suggest that par-2 
and par-3 may each function to antagonize the lo- 



calization of the other protein and that PAR-1 lo- 
calization is dependent on proper PAR-2 localiza- 
tion. In par-3 mutants PAR-1 and PAR-2 are uni- 
formly distributed around the cortex, while in 
par-2 mutants PAR-3 staining extends posteriorly 
and PAR-1 is no longer detected at the cortex but 
is entirely cytoplasmic. Furthermore, par-6 may 
act to localize PAR-3 to the anterior periphery. In 
par-6 mutants cortical PAR- 3 staining is weak or 
absent and perhaps as a consequence, par-6 mu- 
tants also mislocalize PAR-1 and PAR-2 in the 
same pattern as par-3 mutants, par-1 and par-4 
mutations do not affect the localization of PAR-2 
or PAR-3. Thus par-1 and par-4 may either act 
downstream of or in parallel to the activity of the 
other par genes. 

The par-1 gene encodes a predicted protein 
with homology to a subclass of Ser/Thr kinases 
involved in cellular polarity in yeast and mamma- 
lian cells. Thus, it is possible that C. elegans 
homologues of genes that affect cellular polarity 
in other systems will be identified and then tested 
by reverse genetics. More direct approaches are 
also available. An interaction cloning strategy 
identified a C. elegans non-muscle myosin II hea- 
vy chain protein (designated NMY-2) that inter- 
acts with a conserved portion of the PAR- 1 pro- 
tein. NMY-2 localizes to the periphery of the zy- 
gote and this does not require par-U par-2 or par- 
3 activity. Conversely, the localization of all three 
PAR proteins is disrupted by interfering with 
NMY-2 function by RNAi; PAR-1 is no longer cor- 
tically localized and PAR-2 and PAR-3 are not re- 
stricted to their anterior and posterior domains. 
NMY-1 RNAi also disrupts zygotic polarity. In 
other systems, non-muscle myosins have been im- 
plicated in vesicular transport, asymmetric RNA 
localization, and cytokinesis. 

In summary, the par mutations identify mater- 
nal activities that are required to polarize the zy- 
gote and early blastomeres. It is not known 
whether the PAR proteins respond to early polar- 
ity cues to functionally or morphologically polar- 
ize the cytoskeleton or whether their asymmetric 
localization is dependent on a polarized cytoskel- 
eton. The cytoskeleton is dynamic and multifunc- 
tional. Thus, it seems likely that the PAR proteins 
may act as enduring landmarks to reflect a transi- 
ently polarized cytoskeleton. 
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15.4 

Specifying Posterior Blastomere Fates ^ 

15.4.1 

SKN-1 and PAL-1 Are Posteriorly Localized Blastomere 
Specification Proteins 

Factors asymmetrically segregated in the early 
embryo function to specify blastomere identity. 
SKN-1 is a DNA-binding protein that is localized 
to both EMS and P 2 and to their descendants 
through the early 12-cell stage (Fig. 8). skn-1 mu- 
tants are strict maternal effect lethal; all progeny 
of a homozygous skn-1 hermaphrodite are mutant 
(hereafter referred to as skn-1 mutant embryos). 
skn-1 activity is required for the development of 
EMS. In skn-1 mutant embryos the EMS descen- 
dants produce muscle and epidermal cell types 
similar to the C blastomere (Fig. 8) rather than 
pharynx and gut. 

PAL-1 is a caudal -like homeodomain protein 
that is localized to both EMS and P 2 and their des- 
cendants through the 28-cell stage (Fig. 8). Because 
pal-1 (null) mutations are late-embryonic lethal, ge- 
netically mosaic adult hermaphrodites with germ- 
lines that are homozygous for the pal-1 null muta- 
tions were isolated to investigate the maternal func- 
tion of this gene. Analysis of the self-progeny of 
these animals showed that maternal pal-1 activity 
is required for the development of the somatic des- 
cendants of P 2 (that is the C and D lineages). In 
these embryos the C and D blastomeres generate 
small apparently non-differentiated cells, pal-1 
RNAi produces a similar phenotype. 

15.4.2 

s/rn-1 Regulates pa/-1 Activity in EMS But Not in P 2 

SKN-1 and PAL-1 colocalize in the early embryo, 
yet specify different cell fates. In skn-1 mutant 
embryos the EMS cell is transformed into a “P 2 ”- 
like blastomere that produces body wall muscle 
and epidermal cells rather than pharyngeal and 
intestinal cells (Fig. 8). This suggests that pal-1 
specifies the fate of EMS descendants in skn-1 
mutant embryos. This idea was tested by examin- 
ing the phenotype of double mutants. Injecting 
pal-1 RNA into skn-1 hermaphrodites was used to 



produce de facto skn-l(-) pal-l(-) double mutant 
hermaphrodites. The double mutant progeny from 
these hermaphrodites do not produce any EMS or 
P 2 -like somatic cell types. This indicates that pal- 
1 function is required for the production of “P 2 ”- 
like cells from the skn-l(-) EMS blastomeres. 
Therefore, in wild- type embryos skn-1 activity 
normally inhibits pal-1 activity in EMS and its 
descendants. However, since SKN-1 is also present 
in P 2 , it must not normally inhibit pal-1 activity 
in P 2 or its descendants. 

15.4.3 

PIE-1 Protein Localizes to the Germ Lineage 
and Its Activity Inhibits Transcription 

PIE-1 protein regulates both skn-1 and pal-1 ac- 
tivity in the P-lineage. PIE-1 is a zinc-finger pro- 
tein that localizes to the P-blastomeres during the 
early cleavage divisions (Fig. 8) and its activity is 
required for development of all P 2 -derived cell 
types, including the germline. In pie-1 mutants 
the P 2 blastomere is transformed into a EMS blas- 
tomere that produces pharyngeal cells and intest- 
inal cells. This transformation requires skn-1 ac- 
tivity. In pie-1 skn-1 double mutants, pharyngeal 
and intestinal cells are not made by either EMS 
or P 2 ; instead, both produce primarily body wall 
muscle and epidermal cells characteristic of the C 
and D blastomeres. Thus, pie-1 activity in the P 2 
lineage inhibits skn-1 activity in the P 2 lineage. 

Embryonic transcription is first detected at the 
4-cell stage, but only in the somatic cells, not in 
the P-lineage. Embryonic transcription was as- 
sayed in pie-1 mutants because pie-1 mutations 
transform the germ lineage into a somatic line- 
age. This analysis showed that in pie-1 mutants 
transcription was now active in the P-lineage and 
suggested that pie-1 may act to inhibit transcrip- 
tion in prospective germ cells. Misexpressing 
PIE-1 protein in somatic cells using a heat-in- 
ducible promoter inhibits transcription in the 
somatic cells. This observation suggests that the 
inhibition of transcription by pie-1 activity is 
important for germ-lineage determination and or 
development. 
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Fig» 8 a^-c^ Expression patterns, activities, and regulation of 
the posterior blastomere specification proteins SKN-1, PAL- 
1, and PIE-K a SKN-1 and PAL-1 are both present in only 
the two posterior cells (EMS and P^) at the 4-cell stage, 
while PIL-l protein is present in only h The temporal 
protein expression patterns and cell types produced by the 
descendants of the Pi blastomere in wild-type and mutant 
embryos. Temporal protein distributions are indicated in 
the lineage diagram. PIE -1 protein (black) is segregated ex- 
clusively to P-lineage (germ lineage) blastomeres. SKN -1 



protein {light gray) is present in P|, its daughters (EMS and 
P 2 ) and briefly in its granddaughters (MS, E, Q P3). PAL -1 
is first detected in the Pi daughters (EM5 and P 2 ) and con- 
tinues to be detected in all the Pj great-granddaughters. In 
wild- type embryos the EMS descendants produce primarily 
pharyngeal and intestinal cells squares ), the C and D 
descendants produce muscle and epidermal cells (black cir- 
des)t and P 4 produces the germline, c The regulatory inter- 
actions among these three posteriorly localized proteins as 
inferred by the data presented in b. 
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15.4.4 

Linking Asymmetric Cleavage 
to Differential Gene Activity 

The localization patterns of the SKN-1, PAL-1, and 
PIE-1 proteins and the genetic interactions between 
skn-ly pal-ly and pie-1 mutants explain how the dif- 
ferent fates of the early descendants of the Pi blas- 
tomere may be specified (Fig. 8). PIE-1 is sequen- 
tially localized to the germ-lineage blastomeres 
and acts like a simple switch for making germ-line- 
age blastomeres different from their somatic sisters. 
At first cleavage, PIE-1 and SKN-1 proteins are both 
localized to the Pi blastomere. Since pie-1 inhibits 
transcription, the SKN-1 transcription factor is 
non-functional in the Pi blastomere. When the Pi 
blastomere divides, PIE-1 is segregated to P2. 
PAL-1 begins to appear at this time and colocalizes 
with SKN-1 in both EMS and P2. The segregation of 
PIE-1 to P2 allows SKN-1 to be active in EMS, while 
pie-1 activity in P2 inhibits both SKN-1 and PAL-1. 
When SKN-1 is active in EMS, it functions both to 
inhibit pal-1 activity and to specify EMS cell fates. 
Similarly, when P2 divides, PIE-1 segregates to P3. 
At about this time, SKN-1 protein levels begin to 
drop, leaving of the three, only PAL-1 protein in 
the C blastomere. Thus, the instability of the 
SKN-1 protein appears to act as a second switch 
(following the PIE-1 switch), allowing the C blasto- 
mere to be different from EMS. The isolation of ad- 
ditional mutations that affect the development of 
these blastomeres may confirm this model. When 
the P3 blastomere divides, SKN-1 is no longer de- 
tected and PAL-1 is free to specify the body wall 
muscle fate of the somatic blastomere D. pal-1 is 
not required for germ cell (P4) development. An- 
other gene mes-1 (maternal effect sterile) may func- 
tion to specify P4 identity for in mes-1 mutants the 
P4 blastomere produces muscle cells like its sister 
blastomere D. 

15.5 

Cell Interactions That Specify Blastomere 
Identity: Polarizing Cell Signals Revealed^ 

Evidence that cell signals polarize early embryo- 
nic axes was first obtained by embryo manipula- 
tion and blastomere ablation experiments, in 
which one or more early blastomeres are killed 



with a laser microbeam. Recent experiments in 
which isolated early blastomeres are cultured in 
vitro have identified additional cell interactions. 
Genetic screens have subsequently identified mu- 
tations that cause similar cell fate changes. An ex- 
citing but not unexpected development was find- 
ing that the genes identified by these mutations 
encode both conserved and novel components of 
signal transduction pathways. 

15.5.1 

The Polarity of the Dorsal-Ventral Axis 
Is Specified by Cell Signals 

The AB blastomere divides along the dorsal-ventral 
axis. This takes place within the confines of the 
eggshell and under the influence of the elongating 
spindle in the Pj blastomere. Thus, the AB daugh- 
ter blastomeres are forced to tilt along the ante- 
rior-posterior axis. The direction of this tilt indi- 
cates the polarity of the dorsal-ventral axis. To dis- 
tinguish whether the polarity of the axis is deter- 
mined prior to this rotation, and subsequently 
guides it, or whether the direction of the (ran- 
dom?) rotation determines the polarity of the dor- 
sal-ventral axis, the positions of the AB daughters 
were shifted using a blunt glass needle to force 
the anterior-tilting blastomere posteriorly. The 
AB.a and AB.p blastomeres follow very different 
patterns of cell division and it would be expected, 
if their fates were determined prior to the rota- 
tion, that manipulated embryos would be abnor- 
mal. Since all operated embryos developed into 
normal larvae it was concluded that the two blasto- 
meres are of equivalent fates prior to rotation and 
that they or their progeny blastomeres are differen- 
tially determined by their position. 

15.5.2 

Signal No. 1: A Signal from P 2 Specifies 
the AB.p Lineage 

Blastomere ablation experiments identified the P2 
blastomere as a source for a signal that distin- 
guishes AB.a from AB.p. In wild-type embryos, 
AB.p produces two intestinal valve cells (Fig. 4). If 
P2 is killed, these two cells are not produced. Ab- 
lation of both P2 daughter blastomeres does not 
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interfere with the development of the intestinal 
valve cells. Therefore the P 2 blastomere signals 
the AB.p blastomere. Subsequent experiments 
showed that a signal from P 2 is required to speci- 
fy the entire AB.p lineage for if P 2 is killed or re- 
moved, then AB.p follows an AB.a division pat- 
tern and produces AB.a specific cell types. Con- 
versely, if both AB.a and AB.p are forced to con- 
tact P 2 , then both blastomeres follow an AB.p 
lineage pattern. 

15.5.3 

Signal No. 2: Left-Right Polarity Can Be Reversed 
by Exchanging Cell Positions 

In C. eleganSy a number of cells and structures 
show a left-right handedness in their placement 
with the body, in organ structure, or in migra- 
tions patterns. This asymmetry arises in the early 
embryo. AB.a and AB.p divide symmetrically 
along the left-right axis, but the left pair of blas- 
tomeres occupies a position slightly anterior to 
the right pair of blastomeres; this difference in 
anterior-posterior results in different cellular con- 
tacts. Experiments that exchanged the relative 
anterior-posterior positions of the left and right 
daughters of the AB.a and AB.p blastomeres, and 
thus reversed these cellular contacts, resulted in 
viable, but left-right-reversed embryos. The adult 
worms that devloped from these embryos showed 
a complete reversal of left-right asymmetry. Since 
both the left and right AB.a and AB.p daughters 
can follow either a left or right fate; they must be 
initially equivalent in developmental potential; 
this equivalence is broken by a left-right polariz- 
ing cell signal. Blastomere ablation studies similar 
to those described above identified the MS blasto- 
mere (Fig. 4) as a major source of the left-right 
polarizing signal. Ablating the MS blastomere at 
the 8-cell stage abolished left-right differences 
among the AB descendants; some left-right pairs 
of AB descendants adopted left fates while other 
pairs adopted right fates. Ablating the MS blasto- 
mere at the 12-cell stage did not affect left-right 
differences. 



15.5.4 

GLP-1 Is a Receptor for Both the P 2 Signal 
and the MS Signal 

The glp-1 gene encodes a transmembrane protein 
homologous to Drosophila Notch and C. elegans 
LIN-12 (see Chap. 17 for the role of lin-12 in cell 
determination). In the hermaphrodite germline 
maternal glp-1 mRNA is transcribed and pack- 
aged into oocytes. This mRNA is not translated 
until after fertilization and then only in AB des- 
cendants, where it acts as a receptor for both the 
P 2 signal that distinguishes AB.p from AB.a and 
for the MS-signal that specifies the left-right dif- 
ferences. GLP-1 is also a receptor for a gonad gen- 
erated signal that promotes germ cell proliferation 
by inhibiting meiosis (germ line proliferation de- 
fective). 

The most convincing observation that glp-1 
was involved in both the dorsal-ventral and the 
left-right embryonic signaling events was the phe- 
notypic analysis of a temperature-sensitive glp-1 
allele. The AB.p lineage is not specified in glp- 
i(ts) embryos raised at the non-permissive tem- 
perature through the 4-cell stage and both AB 
daughters follow the AB.a fate. Shifting these 
embryos to the permissive temperature after the 
4-cell stage allows glp-1 to function in both 
“AB.a” cells and receive the left-right polarizing 
signal from MS. The reverse is also true. The 
AB.p lineage is properly specified in glp-l(ts) 
embryos raised at the permissive temperature 
through the 4-cell stage. Shifting these embryos to 
the non-permissive temperature then prevents the 
AB.a and AB.p descendants from receiving the 
left-right signal from MS. 

15.5.5 

APX-1 Is the P 2 Ligand 

Mutations in apx-1 cause a phenotype similar to 
that caused by the first ts-shift experiment, where 
glp-1 function was disabled through the four-cell 
stage but allowed at the 8 to 12-cell stage. The 
apx-1 gene was cloned and found to be homolo- 
gous to the Drosophila Notch ligand Delta, con- 
firming that apx-1 was in the glp-1 signalling 
pathway and suggesting that APX-1 would be ex- 
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pressed in P 2 , Subsequent immu^olocali^atioIl 
showed that APX-1 protein is indeed expressed in 
the P 2 blastomere, where it localizes to the 
boundary between AB.p and P 2 - The ligand for 
the left-right signal that emanates from the MS 
blastomere has not yet been identified. However, 
blastomere recombination experiments show that 
the P 2 blastomere can substitute for the MS-sig- 
nah Furthermore, apx-1 function is required in 
this substitute signal experiment, suggesting that 
the different response by the AB descendants 
(dorsal-ventral vs. left-right) is not dependent on 
different inducing signals. 

15,5.6 

Signal N0. 3 : The ?2 Blastomere Also Polarizes 
the EMS Blastomere 

The E blastomere produces only 20 intestinal 
ceils. However, if the P 2 blastomere is removed 
from an early 4 -cell embryo intestinal cells are 



not produced; instead the E blastomere makes 
pharyngeal cells. Similarly, an EMS blastomere 
(Fig, 9) isolated from an early 4-cell embryo pro- 
duces pharyngeal cells but not intestinal cells, 
while an EMS blastomere isolated from late four- 
cell stage embryos produces both intestinal and 
pharyngeal cells. If a Pa blastomere is placed adja- 
cent to an early EMS blastomere, intestinal cells 
are produced, showing that P 2 induces intestinal 
cell differentiation. 

Additional experiments suggested that the P 2 
interaction with EMS acts to polarize the division 
of the EMS blastomere. In intact embryos, the 
EMS blastomere divides along the anterior-poste- 
rior axis and E is the posterior daughter blasto- 
mere adjacent to the P 2 blastomere (EMS divides 
a few minutes before P 2 ). If an early EMS blasto- 
mere is cultured in contact with a P 2 blastomere 
at variable positions, then the EMS blastomere 
divides along an axis defined by the point of 
contact between the two blastomeres and the 




Fig, 9 a-d, Time-dependent cell signals that polarize the 
EMS cleavage division. a,b An EMS blastomere isolated late 
in the EMS cell cycle will produce intestinal cells (filled cir- 
cles) while an EMS blastomere isolated early in the EMS 
cell cycle will not produce intestinal ceUs. c The production 



of intestinal cells by an EMS cell isolated early in the EMS 
cell cycle can be restored by bringing a P2 blastomere from 
a second embryo into contact with the isolated blastomere. 
d The position of the blastomere determines both the 
axis and polarity of the subsequent cleavage of EMS 
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EMS daughter blastomere nearest the P 2 blasto- 
mere develops as E and produces intestinal cells 
(Fig. 9). 

1557 

Mutations Defective in P2 EMS interactions identify 
Conserved wnt Pathway Genes 

The results presented above prompted genetic 
screens for mutants not producing intestinal cells* 
Mutations in five different genes that cause the 
EMS blastomere to produce two MS-like blasto- 
meres and no E blastomere were identified. These 
genes were named mont-1 through mom-5 (more 
MS)* The mom mutations are strict maternal ef- 
fect loci* The lack of intestinal cells in mom mu- 
tant embryos is variable, but in the stronger mu- 
tants it is evident that both EMS daughter blasto- 
meres follow an MS-like fate, 

Blastomere recombination experiments between 
wild-type and mom mutant P 2 and EMS blasto- 
meres showed that the mom mutations identified 
components involved in the P 2 to EMS signaling 
(Fig, 10)* If a wild- type P 2 blastomere was recom- 
bined with a mom-lj or mom-2 or mom-5 mutant 
EMS blastomere, intestinal cells were nearly al- 
ways produced* Therefore mom-1^ mom-2^ and 
mom-3 function are not required in the EMS blas- 
tomere, In contrast, if a mom-1 or mom-2 or 
mom-3 mutant P 2 blastomere was recombined 
with a wild-type EMS blastomere, intestinal cells 
were not produced* Therefore mom-i, mom-2y 
and mom-3 are required in the P 2 blastomere to 
signal the EMS blastomere. Similar experiments 
showed that mom-4 was required in the EMS blas- 
tomere to receive the signal (the mom-5 pheno- 
type is not penetrant enough for these technically 
demanding experiments). 

Three of the mom genes have been identified 
molecularly and shown to encode members of the 
conserved Wnt/Frizzled signaling pathway, mom-2 
encodes a homologue of the secreted WNT pro- 
teins and mom-5 encodes a homologue of the 
transmembrane FRIZZLED proteins, which have 
been implicated as receptors for WNT ligands. In 
addition, mom-1 encodes a homologue of the 
Drosophila gene porcupine, which has a role in 
processing the secreted WNT protein. 
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Fig, 10, Blastomere recombination experiments with wild- 
type and mom mutant bias tom eres, mom- 2 activity is re- 
quired in the signaling blastomere, while mom-4 activity 
is required in the receiving EMS blastomere. Similar results 
have shown that mom-1 and mom-3 behave like mom-2 



These results are consistent with analysis of the 
C. elegans pop-1 gene. The pop-1 gene encodes a 
transcription factor that is homologous to Droso- 
phila and mammalian transcriptional regulators 
which are also regulated by wnt signals. In pop-1 
mutants the MS daughter blastomeres produce in- 
testinal cells rather than posterior pharyngeal 
cells (posterior pharynx defective). That is, pop-1 
activity is required to prevent MS from making 
intestinal cells. Therefore pop-1 should not be ac- 
tive in E, These observations suggest that the 
WNT signal from P 2 acts to inhibit pop-1 activity 
in the EMS daughter nearest P 2 allowing it to pro- 
duce intestinal cells. The phenotype of pop-1 
mom double is consistent with this model. All 
pop-1 mom double mutants make intestinal cells. 
Therefore, pop-1 activity may be required to turn 
on the MS-development program, turn off the E 
development program, or both. The localization 
of POP-1 protein in wild-type and mom mutant 
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Fig, 11, Model for WNT pathway polarization of the EMS 
cleavage. Only the POP-1 protein has been localized^ all 
other cellular locations are inferred from genetic experi- 
ments. The epistasis pathway is adapted from data in 
Thorpe et al. (1997) and Rocheleau et al. (1997) 



15.6 

Controlling the Expression Patterns 
of Blastomere Specification Proteins^ 

Genes that specify the fates of early blastomeres 
must produce their effect in very specific loca- 
tions. SKN-1 and PAL-1 are transcription factors 
expressed in subsets of embryonic blastomeres. 
Similarly the APX-1 ligand must be expressed in 
only a single early blastomere, and its receptor, 
GLP-1, must be expressed in the appropriate re- 
sponding blastomeres to polarize the dor sal -ven- 
tral axis. Since nearly all of the specification pro- 
teins that have been identified are products of 
maternally expressed genes, their expression pat- 
terns are controlled by post- transcriptional mech- 
anisms, Examination of how the par mutations 
affect the localization patterns of four of these 
proteins showed that largely independent mecha- 
nisms control their expression patterns. 



embryos provides circumstantial support for the 
second possibility. In wild-type embryos POP-1 
protein is present at a high level in EMS and MS 
but at a low level in E, In mom mutants POP-1 
protein levels are high in both MS and E, 

Genetic and biochemical analysis of WNT sig- 
naling pathways in Drosophila and Xenopus has 
identified additional components of the WNT sig- 
naling system. C elegans homologues of these 
genes were identified by searching DNA sequence 
databases. The functions of these genes were then 
inhibited by RNA injection (RNAi). In addition to 
mom-1^ mom-2, and mom-5, this analysis estab- 
lished that the worm armadillo homologue 
(WRM-l) and an APC-related (APR-1) gene are 
components of the WNT/MOM signaling pathway 
that inhibits pop-1 activity. Phenotypic analysis of 
double and triple “mutants” generated by inject- 
ing multiple RNAs into wild-type and mutant her- 
maphrodites has led to a proposed model for the 
regulation of intestinal development (Fig, 11). 



15.6.1 

Spatial and Temporal Control of PAL-1 Translation 

A pathway of regulatory interactions controls the 
PAL-1 localization pattern in the early embryo. Ma- 
ternally produced pal-1 RNA is present in oocytes 
and all cells in early embryos, but PAL-1 protein 
is first detected in the two posterior blastomeres 
at the 4-cell stage. This protein localization pattern 
is regulated by first repressing PAL-1 translation 
early and then derepressing PAL-1 translation in 
the posterior blastomeres at the 4-cell stage. The 
early repression requires mex-3 activity. In mex-3 
mutant embryos PAL-1 is expressed in oocytes 
and all early blastomeres, mex-3 encodes a puta- 
tive RNA binding protein. Like mex-3 activity, the 
pal-1 3' untranslated region (UTR) inhibits transla- 
tion in anterior blastomeres. Specifically, the addi- 
tion of thep^^M 3'UTR to a lacZ reporter RNA re- 
stricts ^-gal translation to the posterior blasto- 
meres. This posterior /J-gal expression pattern, 
like the posterior PAL-1 expression pattern, is de- 
pendent on mex-3 activity These observations sug- 
gest that MEX-3 may bind directly to the pal-1 
3'UTR to inhibit translation. 

ImmunoiocaUzation studies show that MEX-3 is 
present at a higher level in blastomeres that do not 
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express PAL-1 and a lower level in blastomeres that 
do express PAL-1, This suggests that the pattern of 
MEX-3 localization may determine the pattern of 
PAL-l translation; however^ PAL-1 and MEX-3 lo- 
calization in par-3 mutants is inconsistent with 
this simple idea. High levels of MEX-3 are uni- 
formly distributed in par- par- 3 ^ and par-4 mu- 
tant embryos (Fig, 12), In par-1 and par-4 mutant 
embryos, PAL-1 is not detected, which is consis- 
tent with the idea that high levels of MEX-3 inhibit 
PAL-1 translation. However, PAL-1 is expressed in 
par-3 mutants, sometimes in all the blastomeres. 
This observation, PAL-1 translation in the pres- 
ence of high MEX-3 levels, suggests that some- 
thing acts to derepress PAL-1 translation. 

The observation that PAL-1 is not translated in 
par-1 or par-4 mutants suggests that the activities 





Fig, 12, The expression patterns of MEX-3 and PAL-1 in 
wild-type and par mutant embryos. The pattern of PAL-1 
expression in par-3 mutant embryos is variable, as indi- 
cated. The altered cell arrangements reflect characteristic 
changes in cell cleavage planes 



of these genes are required to derepress PAL-1 
translation, par-1 and par-4 encode Ser/Thr ki- 
nases that could act directly on MEX-3, Although 
in par- 3 mutants PAL-1 is expressed in abnormal 
spatial patterns, it is still not translated until the 
4 -cell stage. Thus, the par- 3 mutations separate 
the temporal control of PAL-1 translation (4-cell 
stage) from the spatial control of PAL-1 transla- 
tion (posterior blastomeres only). 



1S,6.2 

Localizing Other Blastomere Specification Proteins 



MEX-3 may be localized by asymmetric RNA lo- 
calization, MEX-3 protein is detected at a high 
level in oocytes and in 1- and 2-cell embryos. Be- 
ginning in late two-cell embryos, MEX-3 protein 
levels are higher in the anterior blastomeres. This 
is most pronounced at the 4-cell stage, MEX-3 
staining diminishes in S-cell embryos, remaining 
strong only in the P-granules {the role of mex-3 
in the P-granules is unknown), mex-3 RNA de- 
tected by in situ hybridization follows a similar 
pattern, although, as might be predicted, slightly 
earlier. In oocytes and early 1-cell embryos, 
mex-3 RNA is uniformly distributed, but begin- 
ning at the late 1-cell stage mex-3 RNA begins to 
accumulate at the anterior end of the zygote. By 
the 2-cell stage the RNA is primarily detected in 
the anterior blastomere. Similar RNA localization 
in Drosophila and Xenopus embryos is dependent 
on microtubules, but the requirement for microtu- 
bule function for mex-3 RNA localization has yet 
to be tested. 

The asymmetric localization of the transmem- 
brane GLP-1 protein to the AB blastomeres is regu- 
lated by translational controls. The gip-1 3'UTR can 
confer both spatial and temporal regulation on a 
lacZ reporter RNA, Additionally, separate ele- 
ments in the 3'UTR have been found that differen- 
tially control spatial and temporal expression. The 
GLP-1 ligand, APX-1, is also spatially localized in 
the early embryo, APX-1 protein is detected only 
at the cell boundary between P 2 and AB.p, yet 
apx-1 RNA is localized to all blastomeres. It is rea- 
sonable to hypothesize that APX-1 localization is 
also regulated by differential translation. 
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The mRNA for the posteriorly localized SKN-1 
protein is detected in all bias tome res. In addition, 
the skn-1 mRNA has a long 3'UTR which is con- 
sistent with translational control. However, the 
SKN-1 protein appears to be rapidly degraded at 
the 12-cell stage. This suggests that its asym- 
metric expression pattern could be generated by 
differential protein stability. 

An intriguing observation concerns the segre- 
gation of PIE-1 protein to the posterior germline 
biastomeres. During interphase, the PlE-1 protein 
is localized to the nucleus, but at mitosis the pro- 
tein associates with the two spindle centrioles. As 
mitosis proceeds, staining is only detected at the 
posterior centriole and then the protein is again 
nuclear after the mitosis is complete. Because the 
centrioles are not predetermined in their orienta- 
tion, these observations suggest that both active 
protein transport mediated by the centrioles and 
asymmetric protein stability are involved in gen- 
erating this localization pattern. 



15.63 

Maternal Control of Embryonic Patterning 
Is Non-Hierarchical in C efegam 

par mutant embryos develop into an disorganized 
mass of differentiated tissues. Thus, despite the 
early cell cycle and cleavage defects, cell-type de- 
termination and differentiation factors function to 
specify distinct cell types. The localization pat- 
terns of MEX-3, PAL-1, SKN-1, and GLP-1 have 
been determined in par-1 through par-4 mutant 
embryos and are summarized in Fig. 13, Since 
each par mutation has a distinct effect on the lo- 
calization patterns of these regulators, it seems 
unlikely that the par genes function in a simple 
linear pathway that regulates cellular and embryo- 
nic polarity. However, for some phenotypes, for 
example spindle orientation, the par genes to dis- 
play simple epistatic relationships. Thus, for the 
control of some processes par gene function may 
be dependent on the prior function of another 
par gene. A comparison of the PAR protein local- 
ization to SKN-1 and PAL-1 localization is Dlus- 
trative of the complexities. In 4-cell par-1 mu- 
tants, SKN-1 is localized to all biastomeres and 
PAL-1 is not detected. In par-2 mutants, PAR-1 
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Fig, 13, The expression pattern of several blastomere speci- 
fication proteins in four different par mutants. GLP-1 is a 
membrane protein and its localization is depicted by the 
thick cellular outlines. MEX-3 is a cytoplasmic protein and 
its localization is depicted by shading and SKN-1 and PAL- 
1 are both nuclear localized proteins 



protein is no longer cortically localized, yet SKN- 
1 and PAL-1 are both localized properly to the 
two posterior biastomeres. Thus, PAR-1 localiza- 
tion is not required for par-1 to function in loca- 
lizing SKN-1 and PAL-l. 

The complexities of the par phenotypes con- 
trast with the simple hierarchical control of early 
pattern formation in Drosophila. However, the 
Drosophila spindle mutants, which disrupt the 
generation or maintenance of oocyte polarity, dis- 
play similar complex interactions. Thus, the gen- 
eration of asymmetry may yet be similar in these 
two well-studied model organisms. 
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15.7 
Outlook 

The C. elegans embryo is an excellent system for 
determining how polarity, both cellular and em- 
bryonic, is established and how it patterns early de- 
velopment. A key component is the cytoskeleton. It 
is likely that the cytoskeleton is both a conduit and 
a target of the postional information, initially pro- 
vided by the point of sperm entry, that is trans- 
formed into the three-dimensional expression pat- 
terns of the blastomere-specification proteins. To 
understand this process, it will be important to de- 
termine the precise relationships between the cy- 
toskeletal components, the PAR proteins, and the 
regulators of these blastomere specification pro- 
teins. The recent analysis of the localization pat- 
terns of several blastomere specification proteins 
in the par mutants suggest the intriguing possibil- 
ity that the par genes act within the context of a 
complex network of interconnecting pathways. Ex- 
perience has shown that genetic analysis offers a 
powerful tool for identifying the components in 
these processes. Many genes important in the early 
embryo are also important for essential processes 
throughout development, precluding their isola- 
tion as strict maternal effect mutants. Indeed, es- 
sential genes with early embryonic functions have 
been identified in conditional lethal screens for 
temperature sensitive mutants and by reverse ge- 
netic techniques. The application of cell biological 
and biochemical procedures to the analysis of 
these mutants will allow us to understand how 
these components function together to assemble 
an 8 -cell embryo with three embryonic axes. 

15.8 

Summary 

The C. elegans oocyte contains a mix of maternal 
RNAs and proteins. Following fertilization, an ac- 
tin-dependent process acts to differentially localize 
these RNAs and proteins along the anterior-posteri- 
or embryonic axis. The posterior pole of this axis is 
determined by the point of sperm entry. This polar- 
ized cell divides asymmetrically; the daughter blas- 
tomeres differ in size, cell cycle time, spindle orien- 
tation, and developmental potential. The differences 



in developmental potential reflect the differential 
expression of proteins that specify cell fates. The 
dorsal-ventral and the left-right axes are subse- 
quently specified by cell-cell interactions between 
the descendants of these two cells. 
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16 Cell Fate Determination in Caenorhabditis elegans 

Michael Krause 



16.1 

Introduction ^ 



The nematode C. elegans is a useful organism for 
studying cell fate determination for a variety of 
reasons. The embryo consists of only 558 cells 
that are born rapidly and within a transparent 
eggshell, allowing cell divisions, migrations and 
differentiation to be followed microscopically with 
single cell resolution. The embryo has a relatively 
simple anatomy consisting of only a handful of 
tissue types, including epidermis, nerve, intestine 
and muscle. More importantly, development 
occurs via an essentially invariant pattern of cell 
divisions that have been completely described. 
This lineage of C. elegans provides a road map 
with which the ancestry and future fate of every 
cell, at every time of development, can be deter- 
mined. This lineage is an invaluable resource 
when studying the expression pattern of factors 
that might influence cell fate decisions because 
these patterns can be correlated with restrictions 
(at least on paper) in the developmental potential 
of specific cells. 

Currently, the most detailed knowledge of fate 
determination in C. elegans concerns specification 
of the first several blastomeres of the embryo and 
the development of sex-specific tissues. Less pro- 
gress has been made on the molecular genetics of 
embryonic terminal cell fate determination. How- 
ever, the use of forward and reverse genetic ap- 
proaches has identified a large number of key reg- 
ulators of fate specification and the pieces of the 
puzzle are beginning to fit together. This chapter 
will focus heavily on the general themes underly- 
ing cell fate determination in C. elegans, drawing 
from specific examples of embryonic and postem- 
bryonic development. Less emphasis will be 



placed on specific transcription factors, largely 
because the molecular hierarchies have yet to be 
determined in sufficient detail for most tissue 
types. However, where pathways are beginning to 
emerge, the factors regulating tissue fate specifica- 
tion will be highlighted. Many of the developmen- 
tal themes emerging from C. elegans parallel and 
draw from other biological systems, while some 
may prove to be worm-specific. 



16.2 

Overview of C. elegans Development^ 

Cell fate determination occurs throughout the life 
cycle of C. elegans. Although approximately one 
half of the cells of the animal are born embryoni- 
cally, an almost equal number arise during larval 
development. Since examples discussed in this 
chapter include both embryonic and postembry- 
onic development, a brief account of the life cycle 
of C. elegans helps to put events in perspective. 

Embryonic development lasts about 15 h and 
can be divided into three phases, each lasting 
about 5 h. The first phase is proliferation in 
which most of the 558 embryonic cells are born 
and migrate to set up the basic body plan of the 
animal (Fig. 1). During the next 5 h a second 
phase of development occurs during which cells 
begin to differentiate. This is also a period of sub- 
stantial body elongation as the bean-shaped em- 
bryo assumes the characteristic worm shape. It is 
during these first and second phases of embryo- 
genesis that the bulk of embryonic cell fate deter- 
mination events occur. The third phase spans the 
final 5 h of embryogenesis, a period of morhpho- 
genesis that culminates in the hatching of a larval 
animal. 
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Fig, 1 A-L C elegans embryogenesis. Various stages of em- 
bryogenesis are shown starting with a one cell embryo en- 
tering first mitosis (A) to a three fold embryo in which 
morphogenesis is complete (I)* In all panels, anterior is to 
the left. The proliferative phase of development is repre- 



sented by panels A-R The intestinal precursors are visible 
in panel F as two rows of cells in the center, posterior half 
of the embryo* Cellular differentiation and morphogenesis 
phases are illustrated in panels G-I that show lateral views 
of the elongating embryo 




Fig* 2, C. elegans adults* An adult C elegans hermaphrodite is 
shown with the head to the left. Easily visible anatomical 
structures are labeled as follows: P pharynx; J intestine; 0 
oocyte; E embryo; V vulva; DG distal gonad arms. The inset 



shows the tail of an adult C. elegans male. The cuticular fan is 
barely visible and spans the area underlined and labeled (F)* 
The nine rays on one side of the tail are seen projecting down 
towards the edge of the fan; one ray is labeled (jR) 
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Postembryonic development spans about two 
and one half days and involves the transition 
through four larval stages (LI, L2, L3, and L4) to 
the adult form, each transition marked by a molt. 
Postembryonic development is associated with sub- 
stantial cell proliferation as the animal grows from 
a 0.25 mm LI to an adult just over 1 mm in length. 
There are several discrete periods of postembryonic 
development that are associated with cellular pro- 
liferation and differentiation. Some proliferation 
is associated with the physical growth of the ani- 
mal, such as the addition of bodywall muscles. 
Other proliferative events are associated with stage 
or sex-specific tissues and structures. All postem- 
bryonic proliferation is derived from a population 
of 55 blast cells that is born embryonically. These 
blast cells are triggered to proliferate by subse- 
quent developmental cues associated with larval 
growth and sexual maturation. 

There are two sexes in C. elegans, hermaphro- 
dites and males, which are easily distinguished as 
adults (Fig. 2). For this discussion, the hermaph- 
rodites are most conveniently thought of as fe- 
males that happen to undergo a brief period of 
spermatogenesis during development of the germ- 
line. Many sex-specific structures and tissues, 
such as the vulva in the hermaphrodite and the 
copulatory tail in the male, are not required for 
the propagation of C. elegans strains. These tis- 
sues, therefore, provide convenient targets for ge- 
netic dissection and consequently they are among 
the best understood developmental programs. 



16.3 

Founder Blastomere Rate Specification^ 

The first several rounds of cell division in C. ele- 
gans embryogenesis result in six blastomeres that 
have historically been called the founder cells. 
Five of these (AB, MS, E, C, and D) give rise to 
somatic tissue and one (P4) gives rise to the 
germline (Fig. 3). The molecular genetics of foun- 
der fate specification has been extensively studied 
and these early fate specifications result largely 
from the asymmetric distribution and/or function 
of maternal factors. The molecular mechanisms 
underlying early polarity and fate determination 



are the subject of another chapter in this volume 
(see Chap. 15). However, the concept of founder 
blastomeres forms an important basis for discus- 
sions of later embryonic cell fates and warrants 
discussion in the context of this chapter as well. 

Mosaic development has been used to describe 
an embryonic developmental program in which 
early blastomeres are predetermined to form spe- 
cific cell fates, as typified by the tunicate K roret- 
zi. Predetermination is usually a consequence of 
an asymmetric segregation of cytoplasmic deter- 
minants in early cleavages that, in turn regulate 
directly and autonomously the fates of descendent 
cells. This contrasts with regulative development, 
seen in vertebrates for example, in which early 
cells of the embryo are multipotent and fate is 
largely determined by positional information and 
other extrinsic cues without regard to lineage. 

Early work in C. elegans showed that many of 
the founder blastomeres had autonomous devel- 
opmental potential. This property, in combination 
with the invariant lineage, led to the notion that 
C. elegans development was largely mosaic. 
Further support for this came from numerous ab- 
lation and cleavage block experiments that de- 
monstrated that specific developmental potential 
could be segregated to specific blastomeres. For 
example, the capacity for a blastomere to express 
gut granules, a characteristic of E descendents, 
was shown to segregate with only the precursors 
of E after the one cell stage. Cleavage arrest of a 
two-cell stage embryo would result in gut gran- 
ules appearing in PI but not AB and cleavage ar- 
rest at the four- cell stage resulted in gut granules 
appearing only in EMS. 

Subsequent studies have shown that while there 
are inherent determinants that influence founder 
blastomere fates, cell-cell interactions are also 
critical for the proper patterning of these early 
cell identities. It has been suggested that the in- 
variant lineage is more accurately viewed as an 
invariant pattern of cell divisions that couples 
asymmetric cytoplasmic partitioning with a re- 
producible juxtaposition of cells. Cell-cell interac- 
tions, which provide extrinsic cues for cell fate 
determination, are therefore invariant and their 
importance to development becomes apparent 
only when the relative positions of these early 
blastomeres are manipulated experimentally. 
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Fig, 3, The founder blastomere lineage. Top The first five 
divisions of embryogenesis generate six founder blasto- 
meres* Five of these MS, E, Q D) are somatic founders 
and one (P4) gives rise to the germline. The cell types de- 
rived from each founder are indicated below the respective 



Therefore, early C elegam development results 
from a combination of mosaic and regulative 
mechanisms. 

The characterization of numerous maternal ef- 
fect mutations has demonstrated that many of the 
founder blastomeres represent autonomous devel- 
opmental packages. Mutations have been isolated 
that transform the fate of one founder cell to that 



arrowheads. Bottom Nomarski images of early embryos 
with a schematic diagram identifying the cells visible in the 
focal plane of the image. Founder blastomeres are indicated 
by shaded ovals 



of another and, once specified, many of these 
founder cells can autonomously execute an entire 
developmental program. This is true of MS, E, C, 
and D. For example, the mutation mex-1 (muscle 
excess) causes several of the AB granddaughters 
to adopt a fate similar to that of MS (Fig, 4), The 
MS lineage gives rise to several different cell types 
and contributes to both the ectoderm and meso- 
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Fig. 4. Fate transformation of early 
blastomeres in mutant embryos, 

A schematic diagram comparing the 
lineage and eight-cell stage wild-type 
and mex-1 mutant embryos with a 
schematic representation of each em- 
bryo below. In mex-I mutants, the 
four granddaughters of AE are trans- 
formed to a MS -like fate, each giving 
rise to descendants of MS in a char- 
acteristic division pattern. Tissues 
normally derived from AB descen- 
dants are absent in mex-l mutants 
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derm, Similarlyi the AB granddaughters (the first 
four descendents of AB) in a mex-1 mutant un- 
dergo an MS-like pattern of development even 
though they originate from a different region of 
the embryo and the surrounding cells have 
adopted atypical identities. This demonstrates 
that the MS fate, once specified^ is sufficient to 
autonomously execute a very complex lineage, giv- 
ing rise to multiple cell types that contribute to 
multiple germ layers. Other maternal effect muta- 
tions can transform founder blastomeres to E, C, 
or D fates; these mutations are discussed in detail 
elsewhere in this Volume (Chap, 15). 

The AB founder blastomere seems to be an ex- 
ception to this rule among the somatic founder 
cells. No mutations have been identified that can 
convert other somatic founder blastomeres to an 
AB fate. Moreover^ manipulations of the embryo 
have shown that the two daughters of AB, that 
give rise to very different lineages, actually have 
identical developmental potential when first born. 
The difference in lineage between these two sister 
cells is the result of specific cell-cell interactions 
that occur as a result of their position in the early 
embryo. Therefore, AB is not a developmental 
package like the remaining somatic founder cells 



but rather is pluripotent and its daughters repre- 
sent an equivalence group (see below), 

16.4 

Zygotic and Larval Somatic Cell Fate 
Determination 

The remainder of the chapter will focus on events 
associated with the determination of somatic cell 
fates subsequent to the establishment of the foun- 
der blastomeres. Some of the important questions 
to be answered center around the relative role of 
cell intrinsic versus cell extrinsic cues in fate spe- 
cification, 

16A1 

Determinants and Terminal Cell Fate Specification^ 

There is good evidence for maternal cytoplasmic 
determinants playing a major role in the specifi- 
cation of the fates of the early founder blasto- 
meres, Could determinants also be responsible for 
regulating the fate of terminally differentiating 
cells? Two of the somatic founder blastomeres un- 
dergo a simple lineage in that they each give rise 
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to a clone of cells of a single type; all E descen- 
dents become intestine and all D descendents be- 
come striated muscle (see Fig. 3). It is not diffi- 
cult to imagine that these terminal cell fates could 
arise from segregated determinants for intestine 
and muscle respectively. As yet, there is little evi- 
dence to support or refute this notion. For the E 
founder fate, it is known that, in addition to any 
determinants that are segregated, a brief interac- 
tion between EMS and P2 is essential for E to 
form intestinal cells. Consequently, the specifica- 
tion of E descendants can not arise by a strictly 
determinative mode of development. 

The D lineage gives rise to only bodywall mus- 
cle cells; 20 of the 81 embryonically born body- 
wall muscle cells are D descendents. It is possible 
that myogenic determinants are segregated to D 
and are responsible for the fate of these 20 body- 
wall cells. However, it is unlikely that myogenic 
determinants, if they exist, are involved in speci- 
fication of the bodywall muscle fate in other 
lineages. For example, MS gives rise to 28 body- 
wall muscles and many other cell types from a re- 
latively complicated lineage pattern. It is difficult 
to imagine a scenario in which determinants are 
segregated through this complex lineage to deter- 
mine terminal cell fates. An even more complex 
mechanism of determinant segregation would 
need to be invoked for the specification of the 
single bodywall muscle cell from the AB lineage. 
Therefore, although a determinative mechanism 
could exist for some bodywall muscle cells, cell- 
cell interactions must play an important and sub- 
stantial role in the development of most, if not 
all, of the bodywall muscle cells. 



16.4.2 

Clues to Fate Determination From the Lineage^ 

An essentially invariant and completely defined 
lineage of all cells in C. elegans provides an op- 
portunity to look for trends in the development 
of specific cell types. Such trends allow us to both 
formulate and discard certain models of cell fate 
determination. So, what does the lineage tell us 
about cell fate determination in C. elegans^ Below 
are listed some general conclusions that arise 
from an examination of the lineage patterns. 



The same cell type can arise from different foun- 
der blastomeres. Although the somatic founders E 
and D give rise to only a single cell type, the re- 
maining somatic founders give rise to multiple 
cell types. Perhaps the best example of this are 
the 81 striated bodywall muscle cells born during 
embryogenesis. Superficially, each of these 81 cells 
resembles and functions like all others of the 
group yet they arise from four different founder 
cells; AB (1), MS (28), C (32), and D (20). 

Bilateral cell pairs may or may not reflect lineage 
symmetry. C. elegans is bilaterally symmetric, that 
is, most cells on the left side of the animal are 
mirrored by a homologous cell on the right side. 
In most cases, this symmetry is reflected in the 
lineage such that left-right lineage analogues 
adopt the same cell fate. However, there are many 
cases in which lineage analogues adopt different 
fates and, conversely, where left-right cell homolo- 
gues arise from different parts of the lineage. 

Repeated patterns of cell division define a subline- 
age. Many cell types arise from a repeated set of 
cell divisions starting from a single precursor cell; 
such repeated lineages are referred to as a sublin- 
eage. Where tested, the sublineage is an intrinsic 
property of the precursor cell. The cell that gives 
rise to the sublineage can, in a more general 
sense, be thought of as a blast cell committed to a 
single fate and it represents a discrete and defin- 
able developmental state. The sublineage is remi- 
niscent of the founder blastomeres (e.g., MS) that 
have an autonomous capacity to execute a com- 
plex pattern of divisions. 

A few cell fates are determined stochastically. The 
lineage of C. elegans is usually described as essen- 
tially invariant. This is because there are a small 
number of cases in which the fate of a particular 
cell is seen to fluctuate from animal to animal. 
The best-studied example of random fate determi- 
nation in C. elegans is found postembryonically in 
the developing somatic gonad of the hermaphro- 
dite involving the cell pair known as AC/VU; one 
cell of the pair will become the anchor cell (AC) 
of the gonad while the other will become a ven- 
tral uterine (VU) precursor cell that gives rise to 
ten descendents. The AC/VU choice of fate by 
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pre-VU pre-AC 

Fig. 5. The stochastic AC/VU fate decision. The cells Zlppp 
and Z4aaa are equivalent in developmental potential at 
birthi each can adopt either the anchor cell (>tC) fate or the 
ventral uterine (VI/) precursor fate. Intercellular signalling 
between this cell pair involves the LIN- 12 receptor and the 
LAG -2 ligand. A stochastic fluctuation in signalling between 
these two cells results in a polarization of the signal. The po- 
larization is amplified by a feedback mechanism that upregu- 
lates lin-12 and downregulates lag-2 in one cell that will even- 
tually become the VLf. The other cell of the pair responds by 
npregulating lag-2, eventually becoming the AC 



these two cells is determined by intercellular sig- 
naling between the ceils (Fig. 5). This signaling is 
mediated by several genes^ including Iin-12 (Une- 
ase abnormal) and lag-2 {fin- 12 and glp-1 pheno- 
type). lin-}2 encodes a transmembrane protein 



belonging to the LIN- 12 /Notch family of receptors 
and /a^-2 encodes a LIN- 12 ligand belonging to 
the DSL (Delta, ferrate, lAG-2) family. Both cells 
of the AC/ YU pair initially express low levels of 
both lin-12 and lag-2. However^ a stochastic event 
leads to the up-regulation of lin-12 in one cell, an 
event reinforced by a feedback mechanism most 
likely involving transcriptional regulation of lin- 
12 itself. As a consequence, the other cell of the 
pair npregulates lag- 2 expression (and downregu- 
lates lin-12 expression). The cell with high LIN-12 
activity will adopt the VU fate, while that with 
high LAG -2 activity will adopt the AC fate. 

Differentiated cells also can be ""blast” cells. By 
conventional definition, a blast cell is an undiffer- 
entiated, proliferative stem cell that can be unipo- 
tent or pluripotent. In contrast, a hallmark feature 
of a terminally differentiated cell is that it has ex- 
ited the ceil cycle. However, there are several ceil 
types in C. elegans that function as terminally dif- 
ferentiated cells but that still retain a multipotent 
and proliferative capacity. 

Perhaps the best examples are the V cells, a bi- 
lateral set of six epidermal cell pairs that run the 
length of the animal. The V cells are born embry- 
onically and function as lateral epidermal cells 
throughout development in C. elegans. These cells 
continue to divide with a stem cell pattern during 
larval stages, often generating another epidermal 
cell However, many (perhaps all) of the V cells 
remain multipotent. For example, in the L2 her- 
maphrodite, each cell of the V 5 pair undergoes a 
series of divisions to generate six cells in addition 
to a new lateral epidermal cell Two of these cells 
become neurons, two become neuronal support 
cells, one becomes an epidermal cell, and one cell 
undergoes programmed cell death. 

16 A3 

Asymmetry and Diversification Within a Lineage^ 

The acquisition of cell type diversity during de- 
velopment requires that asymmetry be introduced 
into the lineage that allows the daughters of a cell 
to adopt different fates. This can be accomplished 
intrinsically by differentially segregated cytoplas- 
mic or membrane bound components. Alterna- 
tively, polarity for a given cell can result from ex- 
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Fig* 6* Loss of lineage asymmetry in 
mutants* A general lineage diagram of a 
mother cell (M) and its daughters {Da and 
Dp) is shown to illustrate the effects of loss 
or UNC‘86 activity. In this example, Dp ex- 
presses unc-S6 (shaded) in wild-type ani- 
mals and adopts fate P (for posterior) 
whereas Da adopts /fjfe A (for anterior)* 
UNC-86 activity is required for Dp to adopt 
the P fate but not for Da to adopt the A fate. 
In an unc-86 mutant, M/Dp asymmetry is 
lost and Dp reiterates the mother (M) cell 
lineage; the Da fate is unaffected 



trinsic signaling cues* Both of these mechanisms 
contribute heavily to the specification of the early 
blastomeres of the C elegans embryo (see 
Chap. 15). In later development, there are also 
several examples of factors that either reflect and/ 
or mediate polarity decisions* 

One factor involved in C elegans cellular asym- 
metry is the POU-domain containing transcrip- 
tion factor UNC-86 (^^coordinated)* UNC-86 is 
detected in 57 of the 302 neurons born during 
hermaphrodite development. UNC-86 first ap- 
pears in a lineage in one of the two daughters of 
a mother cell division* Loss of UNC-86 activity 
causes a loss of mother/ daughter asymmetry in 
the lineage, that is, the daughter cell that nor- 
mally is UNC-86 positive, reiterates the mother 
cell lineage in an unc-86 mutant (Fig* 6)* The 
other daughter cell (UNC-86 negative) is unaf- 
fected in unc-86 mutants. Therefore, the presence 
of UNC-86 causes a cell to execute a lineage that 
is distinct from both its mother and its sister ceO* 
Another factor that is associated with cell po- 
larity is POP-1, an HMG domain containing fac- 
tor that is thought to regulate transcription* POP- 
1 (posterior pharynx defective) was initially iden- 
tified by its early maternal function required for 
MS fate specification (see Chap* 15)* Subsequent 
studies of the distribution of POP-1 protein re- 
vealed that its relative abundance in the nuclei of 
sister cells that undergo anterior- posterior (a/p) 
cell divisions correlates with their relative posi- 
tions; the anterior daughter has high levels of 
POP-1 whereas the posterior daughter has rela- 
tively low levels of POP-1 protein (Fig* 7). POP-1 



asymmetry is not observed in daughters of left- 
right or dorsal -ventral cell divisions. 

Loss of POP-1 results in anterior daughter cells 
adopting a fate similar to their posterior sister 
cells demonstrating the POP-1 protein is required 
for the acquisition of a/p asymmetry in fates* 
Conversely, there is evidence to suggest that 
forced expression of POP-1 in the posterior sister 
cell of an a/p division is sufficient for these cells 
to now adopt a fate similar to their anterior sister. 
This suggests that a threshold level of POP-1 is 
responsible for cell -autonomous identification of a 
cell as the anterior daughter of an a/p cell divi- 
sion. In the early embryo, POP-1 is regulated by a 
Wnt-like pathway (see Chap* 15), as are factors 
related to POP-1 in other organisms* It is possible 
that more global a/p cues in the developing 
embryo are also regulated by one or more Wnt 
signals and that POP-1 is involved in linking that 
information to cell fate specification. 

The Wnt signaling system is a good example of 
an extrinsic cue acting to regulate polarity in C 
elegans development* In addition to its possible 
role in underlying a/p fates during embryogen- 
esis, the Wnt signalling system is also a well- 
known player in specific aspects of postembry- 
onic fate determination. The formation of the 
male taO requires that lateral epidermal cells and 
blast cells in the posterior of the animal prolifer- 
ate to generate the necessary epidermal and neu- 
ronal tissues. Some of these lineages are influ- 
enced by the product of the Un-44 (/iueage abnor- 
mal) gene, a Wnt ligand produced by epidermal 
cells at the tip of the tail, LIN-44 binds to a re- 
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Fig. 7 A -F, The unequal distribution of POP-1 protein in 
anterior^ posterior cell divisions. A-D TWo stages of embry- 
ogenesis are shown stained with anti -P OP- 1 antibody (pa- 
nels A,C and the DNA dye DAPI (B,D)j anterior is to the 
left. The two descendents of some anterior- posterior (a/p) 
and left-right {l/r) cell divisions are indicated by arrow- 
heads. Anterior daughters of a/p divisions have higher lev- 
els of POP-1 than their posterior sister cell whereas l/r cell 

cep tor that is encoded by the Un-1? gene ex- 
pressed in many of the posterior lineages, (LIN- 17 
is related to the frizzled gene product of Drosophi- 
la.) In the absence of LlN-44 (ligand) activity, the 
polarity of the T seam cell Uneage is often re- 
versed (Fig, 8), Flowever, loss of LIN-17 (receptor) 
activity results in a stochastic polarity within the 
T lineage. The difference in phenotypes between 
loss of ligand versus loss receptor suggests addi- 
tional ligands are acting through LIN- 17 to cause 
reversed polarity in a lm-44 mutant. The emer- 



pairs have equal levels of POP-L E,F Lateral seam cells on 
the left and right sides of the animal are outlined hy stain- 
ing with the antibody MH27 that recognizes band desmo- 
somes; anterior is to the left Double staining with anti- 
POP-1 antibody shows that the anterior daughters of the 
a/p seam cell divisions (double arrowheads) have higher 
levels of POP-1 compared with their posterior sister cell 
{single headed arrows). (After Lin et ah 1998) 

ging picture is that proliferating cells of the male 
tail are sensing and responding to multiple exter- 
nal cues. Threshold differences among the cells 
sensing these cues provide a mechanism to im- 
part positional information and generate polarity 
and asymmetry among descendents within these 
lineages. 
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Fig. 8. Schematic representation of lineage alterations seen 
in lin-44 and lin-17 mutants. In wild-type animals, a Wnt- 
like signalling molecule, LIN-44, is produced by epidermal 
cell in the tip of the tail. LIN-44 interacts with the Frizzled- 
like receptor LIN- 1 7 to polarize cell lineages in the develop- 
ing male tail such that fates A, B and C are produced in an 
anterior-posterior (a/p) pattern. In a lin-44 mutant, the 



16.4.4 

Equivalence Groups^ 

An equivalence group is defined as a field of cells 
of restricted developmental potential in which 
each cell of the group can adopt one of a limited 
set of cell fates. In the course of normal develop- 
ment, asymmetries in the field cause these cells to 
execute only one of the multiple developmental 
programs that are possible. In its simplest form, 
equivalence groups have been discussed in a dif- 
ferent context above. For example, the two pro- 
genitor cells that undergo the stochastic AC/VU 
fate decision define an equivalence group with 
two members. 

A better illustration of the concept, however, is 
reflected in the formation of the hermaphrodite 
vulva during larval development. Twelve cells, 
called P cells, migrate to the ventral midline dur- 
ing LI development. After each cell divides, the 
anterior daughter for each adopts a neuroblast fate 
and undergoes a characteristic sublineage pattern 
of division to generate neurons of the ventral nerve 
cord. For P3-P8, the posterior daughter of the first 
division becomes a vulva precursor cell, or VPC. 
Genetic and experimental manipulations have 
shown that these six VPCs define an equivalence 
group. Each cell in the group can execute one of 



lin~17 Mutant 




lineage polarity is reversed (C, B, A) due to a loss of LIN- 
44 activity and the action of a presumed second Wnt-like 
signalling molecule, originating from a more anterior 
source. In the absence of the LIN- 17 receptor, cells cannot 
perceive polarity information from either Wnt-like signals 
and the lineage polarity is random 



three different lineages; these three “fates” are 
called primary, secondary, and tertiary (Fig. 9). 
Normally, P6 adopts the primary fate and P5 and 
P7 adopt the secondary fate as a consequence of in- 
duction by the overlying anchor cell (AC) cell. In a 
somewhat simplistic view, the distinction between 
primary and secondary fates is due largely to the 
strength of the inducing signal from the AC, with 
highest strength specifying the primary fate. Cells 
within the equivalence group that are outside the 
signalling range of the AC cell, namely P3, P4, 
and P8, normally adopt a tertiary fate. The tertiary 
fate is therefore the default fate of this equivalence 
group and is adopted by all cells of the group when 
the AC-inducing signal pathway is eliminated. In 
fact, the determination of cell fates within the 
VPC equivalence group is much more complex 
than presented here and involves several interac- 
tions among the cells both within and outside the 
equivalence group (see Chap. 17). 



16.5 

Molecular Genetics of Cell Fate Determination 

Many of the key factors regulating the specifi- 
cation of founder blastomere fates have been 
identified using genetic approaches. Much less is 
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Fig. 9. The vulval precursor cell (VPC) equivalence group 
in hermaphrodites* The VPC equivalence group is com- 
posed of the cells P3p-P8p that are located below the 
anchor cell (AC) and forming gonad on the ventral side of 
the animal* All of these cells have equal developmental po- 
tential when born and each of these six ceils can adopt one 
of three different fates » called primary, secondary and ter- 



tiary. The vulva is normally formed from only three of 
these cells (P5p, P6p, and P7p) in response to a gradient of 
inductive signalling from the AC, The cell closest to the AC 
(P6p, darkly shaded) adopts the primary fate while the two 
flanking cells (P5p and P7p, lightly shaded) adopt the sec- 
ondary fate. Cell outside the range of AC signalling adopt 
the tertiary fate (unshaded) 



known about the molecular mechanisms underly- 
ing terminal cell fate determination during em- 
bryonic and larval development. The description 
of two developmental programs will serve to illus- 
trate the current level of understanding of deter- 
mination events during embryogenesis and larval 
development* The two examples are (1) formation 
of the intestine during embryogenesis and (2) de- 
termination of male tail cell fates. In each case, 
the molecules regulating fate are evolution arily 



conserved, although their precise developmental 
role may have diverged. 

16 , 5,1 

Specificatiaii of Intestinal Cells ^ 

The 20 intestinal cells of C* elegans are clonally 
derived from the founder blastomere E {see 
Fig. 3). The simplicity of this lineage may provide 
the best opportunity to describe the molecular 
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Fig. 10. Intestinal fate determination during embryogenesis. 
The intestine is clonally derived from the E blastomere and 
consists of 20 cells arranged as two rows of ten cells each. 
At top, the position of E and its descendents during embry- 
ogenesis are shown schematically. The expression of three 
loci required for intestinal development are shown below as 
bold arrows. Genetically, the end-1 locus is required for 
specification of the E founder fate and must be active in 



the early embryo. A GATA-like transcription factor is en- 
coded by the elt-2 eene and elt-2 reporter genes initially be- 
gin to be expressed at the two £-cell stage as shown. ELT-2 
is sufficient to activate terminal intestinal markers such as 
the gut-specific esterase encoded by ges-L The expression 
of ges-1 can be detected by the four E-cell stagey GES-1 
activity in all intestinal cells of a comma stage embryo is 
shown. (After Fukushige et al, 1998) 



basis of cell fate determination from fertilization 
of the egg to the differentiation of the terminal 
cell fate. At present^ the pathway is still incom- 
plete but several factors have been identified. 

Once the E founder fate is specified (see 
Chap. 15)> a number of transcription factors are 
activated leading to the expression of terminal 
marker genes of the intestine (Fig. 10). One of 
these terminal marker genes is an esterase en- 
coded by the ges-1 (^t esterase) gene. Surpris- 
ingly this gut-specific terminal marker begins to 



be expressed when the gut consists of only four 
cells. Therefore fate determination has occurred, 
and differentiation initiated, prior to the comple- 
tion of divisions needed to generate all 20 intesti- 
nal cells. 

Promoter analysis of ges-1 revealed that expres- 
sion is dependent on a ds-acting sequence that is 
a consensus binding site for the GATA class of 
Zn-finger transcription factors. A gut-specific 
GATA-like factor has been identified as the prod- 
uct of the gene elt-2 (erythroid-dke transcription 
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factor family). The elt-2 gene begins to be ex- 
pressed in the two daughters of E, one cell divi- 
sion prior to the onset of ges-1 expression. More- 
over, ectopic elt-2 expression is sufficient to drive 
ectopic ges-1 expression. However, loss of ELT-2 
activity does not eliminate ges-1 expression and 
intestinal cells (although abnormal) are still 
formed. Therefore, ELT-2 is an important regula- 
tor of intestinal development but other factors 
must also be involved, at least early in the E line- 
age. 

Another zygotic locus required for intestinal 
cell specification contains the end-1 (endoderm) 
gene. Like elt-2, the end-1 gene encodes a GATA- 
like transcription factor. Homozygous deletions of 
the chromosomal region containing end-1 result 
in loss of intestinal cells and in these embryos E 
adopts a fate similar to the C founder blastomere 
(see Fig. 3). However, end-1 is not sufficient to 
rescue the E fate in these chromosomal deletion 
mutant embryos. These and other experiments 
suggest one or more additional factors are en- 
coded nearby the end-1 gene and are required for 
intestinal determination. The chromosomal region 
containing end-1 appears to be a critical link be- 
tween the maternal specification of E and the de- 
termination and execution of the intestinal cell 
fate. 



16.5.2 

The Male Tail as a Model for Cell Fate Specification 
and Morphogenesis^ 

The male tail is an elaborate structure used for 
mating that is composed of relatively few cells. 
Since C. elegans is a self-fertilizing, hermaphrodi- 
tic species strains harboring mutations that affect 
male tail structure can be easily maintained. A 
genetic dissection of the formation of the male 
tail has provided significant detail into the specifi- 
cation of cells and the assembly and morphogen- 
sis of this structure (see Chap. 17). 

The tail is fan-like and includes nine pairs of 
bilaterally symmetric sensory structures called 
rays (Fig. 11). Each ray develops from posterior 
seam cells (lateral epidermis) in the male that un- 
dergo a reiterated sublineage. The first division of 
the ray sublineage produces an epidermal cell and 



a neuroblast, the latter subsequently generating 
the three cells that make up a ray. Although all 
rays arise from this common sublineage, each of 
the nine pairs of rays has distinct morphological 
characteristics allowing one to assign individual 
ray identities. 

A combination of genetics, cell ablations, and 
ectopic expression studies has revealed a number 
of interesting features of ray formation with re- 
spect to lineage and other issues discussed above. 
For example, ray sublineage precursor cells, called 
Rn (n= 1-9), are autonomously specified to gener- 
ate a specific ray. That is, R4 will give rise to only 
ray 4, even when flanking Rn cells are ablated. 
Other cells in the animal are also capable of 
adopting an Rn fate and executing the appropri- 
ate ray sublineage. Therefore, normal develop- 
ment must include mechanisms that precisely reg- 
ulate the number and location of Rn cells such 
that rays are only generated in the tail of the ani- 
mal. 

Two important genes regulating the number 
and position of rays are homeobox genes of the 
C. elegans Hox cluster; mab-5 (male abnormal) 
and egl-5 (egg-laying abnormal). These two genes 
show a surprisingly complex pattern of expression 
in a subset of the male tail lineages (V5 and V6) 
leading to the production of rays (Fig. 11). By ar- 
tificially manipulating the level and location of 
expression of these two factors, it is possible to 
(1) convert one ray identity to another and (2) 
generate ectopic rays from anterior seam cells that 
would normally not give rise to rays. Therefore, 
the regulated fluctuations in the levels of Mab-5 
and EGL-5 proteins within certain ray lineages 
conveys information for anterior-posterior pat- 
terning and the identity of specific rays. This re- 
markable result shows that deciphering cell fate 
determination can require consideration of not 
only the presence or absence of a given factor, but 
the relative level (or activity) of the factor in each 
cell as well. Additional complexity of ray specifi- 
cation is reflected in the fact that neither mab-5 
nor egl-5 are expressed in the lineages leading to 
rays 7-9; a different set of factors must underlie 
the specification of these three most posterior 
rays. 

Two genes are known to regulate the expres- 
sion of mab-5 and are, therefore, also critical for 
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Fig. 11. The lineage of the male tail rays. Proliferation of 
the lateral epidermal (seam) cells V1-V6 and T are shown 
for one side of the animal. The stage and timing of divi- 
sions are indicated by the vertical bar to the left of the line- 
age. V1-V4 undergo the same division patterns and pro- 
duce cuticular ridges, or alae, in the adult animal. V5, V6, 
and T have unique division patterns in the male and gener- 
ate nine ray precursor cells labeled RI-R9. During L3 de- 
velopment, each of these nine ray precursors divides as 
shown to generate the nine rays on each side of the animal. 



Expression of two homeobox genes, mab-5 {circles) and 
egl-5 (diamonds) is shown on the lineage* High levels of 
protein are indicated by dark shading and low levels by 
light shading; if no protein is detectable the lineage is un- 
marked. Shaded cells in the tail express the Wnt gene Hn- 
44. Note that MAB-5 levels in the V5 lineage are lower than 
similarly staged cells of the V6 lineage and that protein lev- 
els fluctuate within a seam cell lineage over time. A ventral 
view of a male tail is shown below with the rays of one 
side labeled. (After Emmons 1998) 
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Fig. 12. Genetic hierarchy of male tail ray determination. 
There are genetically separable pathways for the generation 
of lateral ridges on the cuticle, called alae, and the nine bi- 
lateral pairs of rays {shaded box). Although all rays depend 
on lin-32 activity, earlier events in the different lineages are 
distinct allowing at least three pathways to be drawn. For 

determining the number and position of rays. 
One of these genes, pal-1 {posterior n/ae), en- 
codes a homeobox transcription factor related to 
Drosophila caudal, Pal-1 activity is autonomously 
required in the V6 lineage for the activation of 
mab-5 and the development of rays 2-6 {Fig, 12), 
However, Pal-1 activity is not required for mab-5 
activation in V5, demonstrating that one or more 
additional activators of mab-5 exist and again 
revealing another level of complexity to this line- 
age, 

A second gene, lin-22y is a negative regulator of 
mab-5 expression, LIN-22 is a bask helix-loop -he- 
lix (bHLH) transcription factor related to Droso- 
phila hairy. In Drosophila^ loss of hairy activity 
results in ectopic neuroblasts and the formation 
of additional sensory bristle structures. Similarly, 
loss of LTN-22 activity in C elegans results in ec- 
topic mab-5 expression in anterior seam cells, re- 
sulting in ectopic formation of sensory rays. 
Again, the effects of LlN-22 seem to be confined 
to a subset of seam cells; LIN-22 is not responsi- 
ble for the regulation of mab-5 in the V6 seam 
cell. The construction of a genetic hierarchy for 
ray formation must be lineage specific to account 
for these differences among ray precursors 
(Fig, 12). 

A more universal regulator of ray neuroblast 
fate is the gene lin-32. The LIN-32 protein is a 



example, only the V6 lineage is dependent on pa /-J to acti- 
vate mab-5 and only a sublineage of V6 requires egl-5. The 
only identified factor known to be required for the T line- 
age-derived rays (7, S, 9) is lin-32. Question marks indicate 
unidentified factors 



bHLH transcription factor related to the Droso- 
phila Achaete-scute family, factors that are re- 
quired for neuroblast development in the fly The 
lin-32 gene is transcribed in all 18 Rn cells as 
well as the two daughters of each Rn, one a neu- 
roblast and the other an epidermal cell. In the ray 
sublineage, LIN-32 activity is only required for 
specification of the neuroblast. In the absence of 
LIN-32, the daughter cell that would normally be- 
come a neuroblast instead continues a division 
pattern similar to that of its mother (Rn) cell and 
no rays are formed; the epidermal daughter of Rn 
is unaffected. (In this sense, LIN-32 is acting like 
UNC-86 discussed above to impart mother /daugh- 
ter asymmetry into the lineage.) 

The lin-32 gene can be activated by mab-5 and 
egl-5, placing it downstream of these two HOX 
factors in the hierarchy (Fig. 12), Like mab-5y ec- 
topic expression of lin-32 is sufficient to cause 
some anterior seam ceils to generate ectopic neu- 
roblasts. These results demonstrate that for some 
cells, LIN-32 activity is both necessary and suffi- 
cient for ray neuroblast fate specification. How- 
ever, this is not true for all cells in the animal 
and the experimental evidence clearly demon- 
strates that other factors must work in concert 
with LIN-32 in order to specify a ray neuroblast. 

The emerging picture of ray specification is 
complex and demonstrates the intricacies of de- 
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velopmental systems. Each of three different seam 
cell lineages that give rise to rays involves the ac- 
tion of unique regulatory mechanisms to specify 
ray fate. In addition to the factors discussed here, 
and those yet to be identified, we must also im- 
pose both sex-specific and temporal regulatory 
cues before formation of rays and be completely 
described at the molecular level. 

16.6 

Outlook 

Substantial progress has been made in the identi- 
fication of factors and mechanisms underlying the 
specification of early blastomere fates and post- 
embryonic tissues in C. elegans. However, with 
the exception of intestinal lineage, there are still 
large gaps in our knowledge between maternal 
specification of founder blastomere fates and the 
regulation of terminal cell fate determination. For 
example, it remains difficult to understand how 
the MS blastomere, once specified, is able to exe- 
cute such a complex lineage giving rise to multi- 
ple cell types. How is this autonomous and elabo- 
rate lineage orchestrated at the molecular level? 
What is the molecular basis for determination of 
sublineage precursors? Answers to these questions 
will most likely come from a combination of ge- 
netics and improved molecular tools and tech- 
niques. 

With the completion of the C. elegans genome 
sequence close at hand, the challenge becomes to 
piece together the puzzles of developmental path- 
ways at the molecular level. This will be done by 
defining expression patterns, identifying pro- 
teimprotein interactions, and systematically elimi- 
nating gene function to tease apart the regulation 
of cell fate determination. This knowledge, 
coupled with the relatively simple anatomy of C. 
elegansy will give us a unique opportunity to un- 
derstand developmental control of fate determina- 
tion. In the future, it should be possible to de- 
scribe the entire cascade of regulatory events 
leading from fertilization to the terminal differen- 
tiation of specific cell types in C. elegans. 



16.7 

Summary 

C. elegans offers many advantages for studying 
cell fate determination during development, in- 
cluding a defined and essentially invariant lineage 
as well as genetic manipulation. Early develop- 
ment relies heavily on the segregation of maternal 
components that, together with cell: cell interac- 
tions, specify the founder blastomere fates. Once 
established, most of these founder blastomeres 
can autonomously execute subsequent develop- 
mental events leading to the terminal differentia- 
tion of often multiple cell types. 

Although the molecular mechanisms of foun- 
der blastomere fate specification are becoming 
clear, for most cell types there are large gaps in 
our knowledge of fate determination events in 
later development. One tissue type for which reg- 
ulatory factors have been identified is the intes- 
tine and this simple lineage may be the first cell 
type pathway to be completely described at the 
molecular level in the future. Development of the 
elaborate male tail has also provided a large num- 
ber of molecular insights into cell fate determina- 
tion and pattern formation. As the molecular 
players are identified, it becomes clear that there 
is a high degree of evolutionary conservation of 
regulatory molecules across species. From the 
specification of neuronal cell types with bHLH 
factors to imparting positional information with 
Wnt-like signals, the molecules involved in these 
pathways play similar roles in cell fate determina- 
tion and morphogenesis. 

Indeed, the level of evolutionary conservation 
of developmental processes is a remarkable and 
consistent theme to emerge from several model 
systems. However, within any given organism, 
specific variations in the deployment and action 
of the regulatory molecules will underlie the di- 
versity of form that exists and reflect the mechan- 
istic constraints of the particular developmental 
system. From the perspective of the developmen- 
tal biologist, an awareness of both the similarities 
and differences among the model systems pro- 
vides a better understanding of developmental cell 
fate regulation in general. 
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17.1 

Introduction ^ 

Once fate is specified and cells know who they 
are, how do they know what to do next, where 
they belong, and how to join other cell types to 
build an organ or tissue? 

As a working definition, morphogenesis in a 
multicellular organism could be considered as the 
assembly of cells into functioning tissues and or- 
gans, often composed of multiple cell types, 
which assume a form characteristic of the species. 
Processes such as cell shape change, cell move- 
ment, signalling and cell-cell recognition, junction 
formation, cytoskeletal changes, and appropriate 
gene regulation must be initiated and coordinated 
at appropriate times and sites. While cellular as- 
sociation and differentiation might be considered 
as the final levels of fate specification at the cellu- 
lar level, they may also be examined from an or- 
gan-related viewpoint, asking what signals operate 
between cells, and whether sets of inclusive regu- 
latory functions operate to direct morphogenesis. 
This complicated aspect of development, whether 
the initial morphogenesis of the embryo or post- 
embryonic remodelling, remains the least under- 
stood on the genetic and molecular level as the 
knowledge of fundamental developmental pro- 
cesses and the genes controlling them has ex- 
panded so rapidly in recent years. However, the 
accumulating evidence that so many positional or 
tissue-specific genes and their regulatory path- 
ways are conserved in expression pattern in both 
vertebrates and invertebrates suggests that mor- 
phogenesis, too, is likely to proceed via conserved 
signalling pathways, regulatory mechanisms, and 
effector genes. 



The application of genetic approaches to un- 
derstanding a simple cellular embryo should be 
valuable both to identify conserved pathways of 
development and to clarify the adaptations of 
such conserved gene interactions in organizing 
different types of embryos. Studies of morphogen- 
esis and organogenesis in C. elegans are still in 
their early stages, in that the descriptive basis is 
by now relatively well established, but for most 
processes, few genes, and only incomplete path- 
ways have been described. However, this is an in- 
creasingly active area of study. This chapter will 
focus on morphogenesis of those embryonic sys- 
tems about which we currently know the most, 
and touch briefly on postembryonic morphogen- 
esis of sex-specific structures. 

The current state of C. elegans research offers 
several features which make this a useful organ- 
ism for the study of morphogenesis. A major one 
is the defined and invariant cell lineage, coupled 
with the ease and increasing sophistication of 
microscopic observational techniques including 
timelapse video recording of optical sections (4D 
microscopy) and a growing repertoire of antibod- 
ies and green fluorescent protein (GFP) -tagged re- 
porter genes that enable cell identification, deter- 
mination of gene expression patterns, and interac- 
tions in mutant backgrounds. The total number of 
cells in C. elegans is small ('^SSO embryonically, 
^ 1000 at maturity, excluding the germ line) and, 
with only a few exceptions, each individual cell, 
as defined by its lineage, occupies a unique posi- 
tion in the final body plan. Thus, rather sophisti- 
cated tissues and organs are made up of a very 
small number of cells: in many organs, each cell 
possesses a unique identity following differentia- 
tion. 

A second valuable feature is the genetic back- 
ground developed for C. elegans: the life cycle is 
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rapid, the genome is well mapped both geneti- 
cally and physically, and mutations are easy to 
isolate. Techniques for genetic mosaic analysis 
can be used to determine which cells require a 
particular gene function. 

A third resource of great importance is the ef- 
fectively completed genome sequence, undertaken 
to provide a resource for the entire worm com- 
munity. Other molecular resources include freely 
available banks of genomic cosmids, and of ex- 
pressed cDNAs. The sequencing project data both 
facilitates identification and cloning of genes 
identified by mutation, and makes possible com- 
parative searches for suspected components of 
regulatory or effector pathways. Established tech- 
niques for disruption of gene function by injec- 
tion of antisense RNA, and for the isolation of 
mutations in genes identified by sequence 
through transposon insertion and deletion, or by 
direct deletions, allow the determination of func- 
tion for genes identified by the sequencing pro- 
ject. 

17,2 

Embryonic Morphogenesis in C elegans 

17.2.1 

Summary of Embryonic Development 
from the Viewpoint of Morphogenesis^ 

At 20 °C, C. elegans development takes 12.5 hours 
from first cleavage to hatching (Fig. 1, see also 
Chap. 20, Fig. 1). The first half of this embryogen- 
esis, as detailed in the previous two chapters, is a 
period of rapid cell division and establishment of 
cell fate (see Chap. 16, Fig. 3, for early lineages 
and the cell fates derived from each of the early 
founder blastomeres, AB, MS, E, C, D, and P4). 
Future bilateral symmetry as well as asymmetries 
arise at the left-right division of the two AB 
daughters at the six-cell stage. Morphogenetic 
movements begin with the process of gastrulation, 
which starts at the 26-cell stage when the two E 
(gut) lineage daughters move to the interior. Me- 
sodermal and germline precursors follow the gut 
inwards, and a combination of cleavage patterns 
and short-range cell movements serve to sort 
right and left homologues into their specific posi- 



tions surrounding the lengthening gut primor- 
dium. A few mesodermal cells undergo long- 
range migrations to their final positions. At about 
250 to 300 cells, neuronal and mesodermal pre- 
cursors of the AB lineage, which have been prolif- 
erating on the dorsal side of the embryo, move 
ventrally as right and left ridges of cells, forming 
a transient ventral gastrulation cleft which closes 
when right and left (R/L) homologues meet at the 
ventral midline and join posteriorly with C line- 
age hypodermal cells, covering the gut and germ 
cells. Meanwhile, the dorsal hypodermal cells 
elongate transversely, and after the ventral cleft 
has closed, sheets of epidermal cells move ventro- 
laterally from right and left to meet, in turn, at 
the ventral midline and enclose the neuronal and 
mesodermal layer. 

At this point, about 6 h after fertilization, the 
developing C. elegans embryo is still an ovoid 
mass of about 550 cells. Cell division is essentially 
complete, after eight to ten cell cycles in most 
lineages. Although the embryo looks rather non- 
descript, the primary patterns of the body plan 
have been established, and by about 350 cells, 
most cells occupy their final relative positions 
(Fig. 2). The gut and pharyngeal primordia form 
a central core; the muscles extend from anterior 
to posterior on either side of this core; epibolic 
cell movements and long-range cell migrations 
are completed; and the hypodermis has enclosed 
the embryo. 

Elongation, the second period of embryogen- 
esis, occurs from about 350 to 500 min, and is 
characterized by the terminal differentiation of 
tissues and a dramatic change in embryonic form. 
As hypodermal enclosure is completed, the em- 
bryo develops a ventral notch, assuming a lima 
bean shape. Basement membranes are formed 
early in this stage, and many proteins represent- 
ing terminal differentiation appear. Over a period 
of about 2 h, the hypodermal cells contract cir- 
cumferentially, squeezing the embryo into a pro- 
gressively worm-like shape. During this period, 
the buccal cavity and rectum develop, as hypoder- 
mal invaginations reach the pharynx and gut and 
connect to them. Actively or passively, gut and 
muscle cells elongate and assume their final 
shapes. Specialized subcellular organization be- 
comes evident at the structural and functional 
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Fig, 1, Summary of C elegans embryogenesis and morpho- complete by 350 min after first cleavage, and rapid changes 

genetic processes, Gastrulation and layer formation occur in form then occur simultaneously with tissue and organ 

between 26 and 350 cells, by which time the basic pattern differentiation (see also Fig, 1 in Chap, 16) 
of the embryo is established. Cell division is essentially 
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Fig. 2* Development of embryonic patterning. A 30-cell em- 
bryo just after the E (gut precursor) cells nave gastruiated 
and divided. Future right-side nuclei are stippled^ left- side 
nuclei are shaded. Unnamed nuclei are of tne AB lineage 
(see Fig. 3^ Chap. 16, for ftie early C. degans lineage.) At 
this time, most of the P lineage cells have established left 
and right positions (D will divide shortly), but the midliue 
axis («rroH-) of the R/L C and D sublineages is skewed rela- 
tive to the future A-P midline (arrowheads) ^ which the four 
E cells already evidence. B-D Schematic dorsal (B), mid- 
plane (C), and ventral (D) nuclear positions at ^ 330 cells. 
Cell types are shown by regional hatch patterns; cirdes re- 
present nuclei. ■S cell deaths; ^ neuronaf precursors; Q hy- 
po dermal precursors; # muscle precursors. On the dorsal 
side (B, dforsal aspect), neuronal precursors occupy the 
anterior, with right and left functional analogues symmetri- 
cally placed (these are not always lineal homologues, see 
Chap. 16.4.2), Hypodermal cells (njp) are symmetrically ar- 
ranged in the posterior in right and left sets of three rows 
each: flanking the mid line, the future hyp7 syncytial cells 
of the AB and C lineages; lateral to them, the future seam 
cells; more laterally, and shown in all three views, the P 



cells lie at the lateral midline. The P cells will move to the 
ventral midline, and contribute both ventral cord neurons 
and hypo dermis postembryo nically. The hyp 7 and seam 
cell rows wrap vent rally around the posterior of the em- 
bryo. The center of the embryo (C, shown from the ventral 
side) contains the pharyngeal and gut primordia, flanked 
by two rows of muscle cells. At their final division, muscle 
cells will separate dorsally and ventrally to establish the 
four muscle quadrants running the length of the worm. 
The germ cells and the two somatic gonad precursor cells 
(Z1-Z4) will assume an asymmetric A-P orientation. The 
ventral surface (D, ventral aspect) is mostly occupied by 
symmetrically arranged neuronal precursors. Central cells 
marked by dots have just met at the ventral midline to 
dose the ventral deft. Although lineal homologues, these 
ceUs will foEow asymmetrical fates in the posterior, con- 
tributing to rectal development. Asymmetry is also evident 
in the single excretory cell (exc). However, for the most 
part, functional analogues occupy strikingly symmetrical 
positions and ceUs of various tissues are in trieir final rela- 
tive positions in the larval body plan. (Drawn with permis- 
sion after SuUton et al, 1983) 
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levels; for example, muscle sarcomeres form and 
muscle twitching begins. 

The final period of 4 to 5 h before hatching 
could be termed a maturing period, with little 
overt change in the embryo. A cuticle is secreted 
by the hypo dermal ceUs, neurons extend axons 
and make connections, pharyngeal pumping be- 
gins, and the young worm writhes in its eggshell. 

17 . 2.2 

Early Shaping: 

Gastrulation and the Refinement of Body Axes^ 

The earliest morphogenetic movements in C ele- 
gans embryos are those of gastrulation, which re- 
sult in the establishment of endodermal, mesoder- 
mal, and ectodermal layers by the time the em- 
bryo has about 300 cells. Gastrulation begins at 
the 26-cell stage, when the two E (gut precursor) 
cells move from the ventral surface of the embryo 
to the interior {Fig. 3A-C). During this move- 



ment, there are no obvious shape changes in 
either the E cells or their neighbors. Following 
their Ingres sion, the E cells divide along a right- 
left (R-L) axis, and then resume anterior-posterior 
divisions to produce a gut primordium oriented 
along the anterior- posterior (A-P) axis in the pos- 
terior half of the embryo. Meanwhile, the four MS 
(mesodermal precursor) granddaughters move 
into the anterior edge of the gap created by the E 
ingression, and the germ-bne precursor P4 and 
mesoblast D ingress from the posterior. The more 
dorsal C -lineage mesoblasts and the ventral AB 
pharyngeal precursors also internalize, by short- 
range movements coupled with cleavage orienta- 
tions. For example, the right and left C muscle 
precursors lie on the dorsal surface at the 30-cell 
stage {see Fig. 2 A) and gradually drop inwards. 
The left muscle precursors divide in place in an 
A-P direction to make a line of muscle but the 
right precursors move gradually from a posterior 
position around the gut to the right side, so that 
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Fig. 3A-F. Gastrulation. Wild type (A-C); gad-1 {D-F). 
Gastrulation normally begins at 26 cells (A) as the two E 
(gut precursor) cells move into tlie interior. Shortly after in- 
gression, they divide on an L-R axis (B), with the daugh- 
ters lying on each side of the future midline. This division 
is delayed relative to other cells of the P lineage. The fol- 
lowing divisions are mainly anterior-posterior, and in the 
300 -cell embryo (C), 16 E descendants are arranged in two 



rows, forming the central gut primordium (starred cells). 
In gad-1 mutant embryos, the two E cells divide prema- 
turely, at the time they should ingress, with an A-P rather 
than an L-R orientation (D). E descendants remain on the 
surface of the embryo (E). At 300 ceils (F), gad-1 embryos 
have a patch of surface cells that display gut differentiation 
markers (starred cells). (Reprinted with permission from 
Knight and Wood 1998) 
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by the the 350-cell stage, there are two symmetri- 
cal lines of eight C muscle precursors lying on 
either side of the gut. 

17.2.2.1 

What Initiates Gastrulation? ^ 

Some of the requirements for gastrulation initia- 
tion by the E cells have been demonstrated by ex- 
perimental manipulation of early embryos, and by 
the behavior of embryos mutant for genes specify- 
ing early blastomere fates. Correct specification of 
the E-cell fate appears to be necessary, as indi- 
cated by the fact that the P2- or MS-like trans- 
formed “E” cells in sfcn-i (skin) and mom {more 
of mesoderm) loss-of-function mutants do not 
gastrulate (see Chap. 15 for a discussion of these 
genes). The movement of the E cells appears to be 
cell-autonomous, as extrusion of the neighboring 
cells P2 and MS from the embryo does not affect 
E cell movements. On the other hand, the MS, P4, 
and D blastomeres do not gastrulate if the E cells 
are killed by laser ablation. Gastrulation is also 
unsuccessful if the vitelline membrane surround- 
ing the embryo, which is impermeable to most 
ions and solutes, has been seriously breached by 
laser irradiation. It is not clear whether the em- 
bryo requires the intact substrate of the vitelline 
membrane or the controlled internal environment 
it provides. 

Although few genes which affect gastrulation 
initiation without changing E-cell fate (as deter- 
mined by later expression of gut-specific markers) 
have been described, recent work suggests that 
this process can be genetically dissected. Six 
genes identified thus far by mutations are all ma- 
ternal-effect. In embryos mutant for any of these, 
the two E cells divide prematurely, at the time 
when they should ingress, with an A-P rather 
than R-L orientation (Fig. 3D-F). Subsequently, 
no E descendants move inward, and a patch of 
cells expressing gut markers develops on the em- 
bryo surface but does not undergo morphogen- 
esis, such as lumen formation or microvilli pro- 
duction. Thus, although fate specification of the E 
cell as gut is necessary for gastrulation, it is not 
sufficient. The delay in the E division from two to 
four cells ( 2 E^) and the R-L spindle orientations. 



while functionally connected to E-cell fate specifi- 
cation in normal embryos, can also be experimen- 
tally separated from the initiation of gastrulation. 

Two genes in this group, emb-5 (embryonic 
lethal) and gad-1 (gastrulation defective), have 
been cloned. The emb-5-predicted protein pos- 
sesses similar ites to the yeast protein SPT6, 
thought to be a transcription regulator affecting 
chromatin assembly. Thus, it may be involved in 
the cell cycle aspects of E cell behavior. The se- 
quence of gad-1 predicts a protein with 6 WD re- 
peat regions, a motif also found in Gp subunits of 
trimeric GTP-binding signalling proteins, where it 
participates in the complexing of the Ga and Gfi 
subunits. Mutations in the C. elegans gene gpb-1 
(GTP-binding protein), which encodes a more 
orthodox G^ subunit, cause a general randomiz- 
ing of spindle orientation in early blastomeres. 
The intriguing fact that the gad-1 mutation affects 
spindle orientation only in the 2 E^ division during 
gastrulation suggests that it may function as a 
highly specific regulatory protein in a G-protein 
signalling pathway involving gpb-1. Consistently, 
the temperature-sensitive period for the gad-1 
mutation occurs during early embryogenesis, and 
ends with the onset of gastrulation. 

Although the genes so far identified as affect- 
ing gastrulation of the E cells are all maternal- 
effect, embryonic transcription begins at the two- 
to four-cell stage in C. elegans. Injection of 
antisense RNA to RNA polymerase II, which 
inhibits embryonic transcription, also blocks 
gastrulation and causes premature and misor- 
iented 2 E^ divisions. Thus, at least one embryoni- 
cally transcribed gene must function in early 
gastrulation. 

17.2.2.2 

Late Gastrulation: Ventral Cleft Closure^ 

When the C. elegans embryo has about 250 cells, 
right and left homologues of the mesectoderm 
destined for the ventral midline lie laterally, and 
the hypodermal precursors occupy the dorsal side 
of the embryo and do not enclose it. In the first 
of the two sets of epibolic cell movements of em- 
bryogenesis (see Sect. 17.2.1), several R/L homolo- 
gous mesectodermal precursors move ventrolater- 
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Fig, 4a-d, Late gastrulation; normal and defective closure 
of the ventral gastrulation deft, Wild type, c vab-1; 
d pal-1. (Anterior is left, ventral side up, in all embryos.) 
In wild type (a^b), at about 270 min after first cleavage, 
anterior neuroblasts and posterior mesectodermal precur- 
sors form the ventral deft as they move ventrally from lat- 
eral positions, covering the gut and germ cells. This cleft 
rapidly closes (290-310 min) from posterior to anterior. In 
a vah-1 mutant embryo at >290 min (c), the ventral cleft is 



deeper than normal and has not closed: the anterior bor- 
dering cells, which express vab-1 in wild type, are slow in 
moving. The defect shows variable penetrance; in severe 
phenotypes, ventral hypodermal closure and elongation 
also fail* In a pal-1 mutant embryo at 325 min (d), the ven- 
tral cleft has not dosed in the posterior, where the margin- 
al cells normally express pal-L This defect also shows vari- 
able penetrance. (a,b,c reprinted with permission from 
George et al 1998; d from L* Edgar) 



ally on each side, forming a ventral (gastrulation) 
cleft (Fig, 4A,B)‘ During this movement, cell 
shape does not change appreciably. As they near 
the ventral midline, the posterior- most pair of 
homologues meet first, and the cleft closes from 
back to front* What initiates these cell movements 
and recognitions? 

Several genes have been identified as expressed 
in the cells bordering the ventral deft at the time 
of their closure movements: vab-1 (variable abnor- 
mal), a receptor tyrosine kinase (see Sect 17,2*5,2), 
is expressed in the neuroblast cells at the anterior 
R/L borders; mab-5 (male abnormal) and pal-1 
{posterior a/ae), homeodomain transcription fac- 
tors with homologies to Drosophila Antennapedia 
and caudaU respectively, are expressed in subsets 
of the posterior bordering cells, vab-1 and pal-1 
mutants show partially penetrant defects in ven- 
tral deft closure (Fig, 4C,D), suggesting both that 
they function in this process, and that other genes 
may provide redundant functions, mab-5 has no 
embryonic phenotype. 



17J3 

Hox Gene Functions in Morphogenesis^ 

mab-S and paUl are only two C elegans members 
of a large number of the conserved Hox transcrip- 
tion factor genes, defined by their characteristic 
DNA- bin ding motif, the homeobox. Like Droso- 
phila and vertebrates, the worm also has a major 
cluster of Hox genes, the HOM-C cluster, ar- 
ranged in an anterior to posterior chromosomal 
orientation that generally reflects their regions of 
embryonic expression (Fig, 5), The C. elegans 
duster contains the genes lin-59 (/meage abnor- 
mal), ceh-13 (C, elegans homeodomain), mab-5y 
and egl-5 {egg laying -defective), which have 
homologies to Drosophila deformed/sex combs re- 
versed, labial, Antennapediay and AbdominalB, 
respectively Curiously, although these genes are 
embryonically expressed, only for ceh-13 do pre- 
sumed null mutations show embryonic defects. 
Thus there may be redundancy of functions with 
other regulatory genes. 
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Fig, 5, The Hox cluster in C elegans. The top line shows 
the chromosomal arrangement of the four genes in the 
duster; the schematic L5-fold embryos show the respective 
regions of gene expression at that time, ceh-l3 is the ear- 



In Drosophila and vertebrate embryogenesis, 
the genes of the HOM-C cluster are regionally ex- 
pressed along the body axis, and function in ante- 
ro-posterior patterning. Thus their expression 
patterns have been considered the “define rs” of 
regional identity, generally working in a combina- 
torial manner. Analysis of mab-5 embryonic and 
postembryonic expression shows significant dif- 
ferences from the more strictly regional Drosophi- 
la Hox gene expression, suggesting that in worms, 
cell-specific patterns and temporal regulations 
based on lineage rather than position may play 
the major roles defining cell identity within 
groups of cells during morphogenesis, Embryoni- 
cally, mab-5 is expressed in subsets of ectodermal, 
mesodermal, and endodermal cells of multiple 
lineages in the mid-posterior region beginning at 
the ventral cleft stage of late gastrulation. That 
this expression is lineage- rather than position- 
dependent is indicated by early blastomere extru- 
sion experiments, mutations affecting blastomere 
fate specification, and experimental prevention of 
an anterior to posterior migration, all of which 
changed the position or the neighbors of a mab- 
5-expressing cell, but did not prevent its expres- 
sion of a mab-5 reporter gene. As a corollary, the 
relatively simple spatial expression pattern of 
mab-5, if lineage-based, must be achieved by 
rather complex regulatory mechanisms, 

A second important finding of the mab-5 anal- 
ysis is the dynamic nature of mab-5 expression 
patterns: the gene comes on and goes off in a 
complex temporal manner both in different sub- 
lineages and within the same lineage. This is par- 
ticularly evident in postembryonic development of 
the male tail, during which both changing lineage 
expression patterns and levels of mab-5 expres- 
sion appear to control the specification first of 
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liest, and most widespread, in its expression, but is limited 
to posterior sublmeage branches. Expression of all the 
genes is regulated by cell lineage descent in a complex set 
of patterns* (Redrawn with permission from Emmons 1996) 



general cell fates and later of individual cell iden- 
tities (see Chap. 16, Sect 5,2 and Fig, 12 and 13), 
Regulatory interactions of mab-5 with two other 
Hox genes, in which pal-1 activates mab-5 and 
mab-5 in turn regulates egl-5 expression, have 
also been demonstrated during male tail develop- 
ment (see Chap, 16.5*2). Such networks of Hox 
gene regulatory interactions parallel those seen io 
Drosophila. A further indication that these genes 
work in similar ways in development in these dif- 
ferent organisms comes from experiments show- 
ing that chimeric genes combining the mab-5 
promoter with the Drosophila AbdB coding region 
can function in C. elegans. 

Hox genes affecting posterior embryonic morpho- 
genesis. Other C. elegans Hox genes are likely to 
function in embryogenesis in a manner similar to 
the mab-5 postembryonic functions described, 
pal-ly a homologue of Drosophila caudal and 
mammalian cdx genes, shows similar dynamic, 
lineage-based expression patterns throughout em- 
bryogenesis, This gene functions maternally to 
specify an early blastomere fate (see Chap, 15,1,2), 
and embryonically in ventral cleft closure, posteri- 
or hypodermal and muscle patterning, cell migra- 
tion, and rectal development, Nonmaternal pal-1 
mutant embryos exhibit variable patterning de- 
fects of the cells normally expressing the gene, 
which are most easily explained as failures in cell 
recognition and cell adhesion* 

The vab-7 gene, a homologue of Drosophila 
even-skippedy is also expressed in the posterior of 
the embryo, in a set of posterior daughters in the 
C lineage. Mutations in vab-7 cause abnormal tail 
morphology and affect both hypodermal and mus- 
cle patterning, though not the final cellular differ- 
entiation phenotypes (see Sect, 17.2*5,1 below). 
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Hox genes in anterior morphogenesis. The anterior 
gene of the HOM-C cluster, the labial homologue 
ceh-13, is also embryonically expressed in a line- 
age- determined, and temporally dynamic, rather 
than a specifically regional pattern, in members 
of almost all lineages except C and the germline. 
Thus its expression, unlike that of its Drosophila 
homologue, is not strictly anterior. In an interest- 
ing parallel to mab-5 expression in the male tail, 
only the posterior daughters of the 4 AB^ and the 
lE^ cleavages express ceh-13. Mutation of ceh-13 
results in embryonic lethality, with defects in 
enclosure of the head, head morphogenesis, and 
body elongation, although cells appear to be ter- 
minally differentiated. 

Although individual Hox gene expression pat- 
terns in C. elegans reflect the idiosyncrasies con- 
ferred by small cell number and fixed lineage pat- 
terns, a number also show parallels in functions 
and regions of expression to their better-character- 
ized Drosophila homologues, suggesting that a con- 
served homeodomain (HD) sequence may indicate 
a conserved function in regulatory and target path- 
ways. For example, two C. elegans homologues of 
Drosophila Hox genes functioning in eye develop- 
ment are expressed embryonically in the head, 
although the worm has a very limited light sensitiv- 
ity. vab-3 is a pax-6/ eyeless/ aniridia relative, and 
functions in head morphogenesis; mutants show 
anterior to posterior transformations at some of 
the late branches in neuronal lineages. Interest- 
ingly, a second transcript from an internal promo- 
ter in this region, including the homeodomain but 
not the paired domain, has an entirely separate 
function, in male tail differentiation. This further 
illustrates the concept that a homeodomain gene 
may be used in multiple ways through alternative 
transcription as well as through temporal and spa- 
tial regulation of activity. 

ceh-10 is related to the vertebrate retinal ho- 
meodomain photoreceptor-associated genes ChxlO 
and Vsx-ly and is expressed embryonically in two 
head neurons thought to be temperature sensors. 
It is suggested that the C. elegans expression re- 
flects the original functions of these genes in 
head neurogenesis, which were later adapted for 
specialized uses in eye pathways. 

ceh-22y an NK-2 class homeodomain, which 
activates the pharyngeal-specific myosin heavy 



chain gene myo-2, represents an even later em- 
bryonic Hox gene function in terminal tissue dif- 
ferentiation. Overall, many of the C. elegans Hox 
genes mutationally characterized as functioning 
during embryogenesis appear to either affect the 
achievement of correct cell patterning, a prerequi- 
site for successful morphogenesis, or to act at late 
steps in developmental pathways, specifying fine 
distinctions of fate or directly regulating tissue- 
specific terminal differentiation. 

17.2.4 

Hypodermal Morphogenesis 
17.2.4.1 

Hypodermal Origins and Early Patterning^ 

Morphogenesis of the hypodermis, the external 
layer of epidermal cells that secrete the cuticle, is 
the best-described and thus far the best-under- 
stood of the embryonic morphogenetic processes 
in C. elegans. At hatching, the worm hypodermis 
is comprised of a syncytial sheet of cuticle- secret- 
ing epidermal cells extending over most of the 
body (hyp7), with separate rings of syncytial cells 
at the head (hyp 1-6) and tail (hyp 8-11). Em- 
bedded in the syncytial layers are right and left 
lateral rows of ten seam cells, which are non-syn- 
cytial until adulthood and specialized to produce 
cuticular ridges called alae (Fig. 6). 

The cells forming this hypodermal layer are 
generated between 210-230 min after first clea- 
vage (by approximately 200 cells), from descen- 
dants of the AB and C lineages, and diagnosti- 
cally express the Zn-finger transcription factor 
lin-26y which is required for hypodermal integrity. 
At approximately 250 min, the major hypodermal 
cells form a “cap” of six parallel longitudinal rows 
in the posterior dorsal area of the embryo. The 
right and left C hypodermal descendants, and a 
set of homologous AB descendants mark the dor- 
sal midline; six V cells flank them on each side, 
and the P cells, again of AB origin, are the most 
lateral row (Fig. 2B). 
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Fig. 6. Schematic diagram of the C elegans cuticle and hj- 
podermis (mid-body) at hatching, wm, Muscle; intj intes- 
tine; vnCf ventral nerve cord. The major hypodermal syncy- 
tium, hyp 7, covers most of the body; syncytia hypl-6 cov- 
er the head, hyp8-ll the tail. The cuticle is a three- layered 



structure with annular surface ridges. The specialized 
lateral alae are produced by the non-syncytial seam hypo- 
dermal cells, (Redrawn with permission from Costa et al. 
1997) 



17.2A.2 

Ventral Hypodermal Closure^ 

Between 250 and 390 min> the nuclei of the dorsal 
midline cells destined for the major syncytium, 
hyp7, migrate contraiaterally, and the cells them- 
selves intercalate and elongate laterally to form a 
single row (Fig. 7). As this process ends, the outer 
rows of P cells and the V rows elongate laterally 
and migrate ventrally (Fig. 8), This ventral epi- 
boly of the hypodermal sheet is initiated by two 
leading cells on each side at the anterior, which 
initially send out filapodial cellular protrusions at 
their free edges, and elongate ventrally until they 
meet and form adherens junctions (Fig, 8 A), Cy- 
toplasmic laser irradiation of the tips of the lead- 
ing cells, as they began elongation, resulted in 
dorsal retraction of the entire hypodermal sheet, 
substantiating their critical role. This movement 
appears to be cell -autonomous, for although the 
filipodia follow the crevices between underlying 
neuronal cells, there is no evidence of a basal 
lamina at this stage, and laser ablation of these 
neurons showed they are not required for guid- 
ance, As the cells posterior to the leading cells 
migrate ventrally, the most posterior join the pos- 
terior C-hypodermal cells wrapped around the 
back end of the embryo, leaving a ventral pocket 
(Fig, SB). These pocket cells contain ordered ar- 



rays of actin micro filaments at their apical tips. 
As the pocket margins contract, contralateral 
homologues meet, and quickly form adherens 
junctions (Fig, SC), 

Thus, two separate mechanisms appear to func- 
tion in the process of migration in two separate 
sets of cells. Both are actin -dependent, as treat- 
ment with the drug cytochalasin D, which depoly- 
merizes F-actin, blocks both the leading cell ex- 
tensions and the later closure of the ventral pock- 
et, Cell recognition at the ventral meeting appears 
to be a third, independent, process, for if one cell 
is slowed by laser irradiation, the contralateral 
homologue migrates past the midline until it 
meets the slow one. The head of the embryo en- 
closes separately, 

17.2 A3 
Elongation^ 

At the end of ventral enclosure, about 390 min, 
the embryo has achieved a lima bean shape, with 
a ventral notch. Over the next 2 h, in a dramatic 
change of shape, it rapidly elongates into a worm 
(Fig, 9), This process involves reorganization and 
contraction of the actin cytoskeleton of the hypo- 
dermal cells (Fig, 9c,f,i), Just prior to, and dur- 
ing, elongation, the actin cytoskeleton of the hy- 
podermal cells reorients into closely spaced rings 
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Fig, 7 A-C, Dorsal hypodermal cell intercalation and exten- 
sion, Shaded cells initial left side; circles represent nuclei. 
At approximately 300 min (A), the dorsal hypodermal cells 
of the C and AB lineages form left and right parallel rows 
flanking the dorsal midline (see also Fig. 2 B). The cells 
then begin to elongate and intercalate (B); at the same 
time, the nuclei migrate contralaterally. By 350 min (C), the 



cells are fully intercalated and the nuclei are on the oppo- 
site side from their original positions* As this elongation is 
completed, the left and right lateral and ventral hypoder- 
mal cells elongate in turn and move ventrally as sheets of 
cells (see Fig* 8)* (Redrawn with permission after Sulston et 
al. 1983; Podbilewicz and White 1994) 



A Two-Step Model for Ventral Enclosure 
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Fig, 8A-C, A model for ventral hypodermal closure, fn the 
first step (A), the four anterior “leading cells'* ((arrows) ex- 
tend filapodia containing axially oriented actln microflla- 
ments as they move ventrally* They meet and fuse (B); 
meanwhile the marginal cells (“pocket cells*', open arrow- 



heads) meet at the posterior, forming a “ventral pocket**, 
and polymerize act in microfllaments at their apical ends. 
The ventral pocket closes (C), and homologous cells rapidly 
form junctions. (Redrawn with permission from Williams- 
Masson et al. 1997) 
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Fig, 9a-L Shape changes and act in microfilaxnent distribu- 
tion in hypo dermal cells during embryonic elongation* Left 
panel Scanning electron microscope pictures; center panel 
embryos stained with MH27, an antibody that stains adhe- 
rens junctions and outlines the hypo dermal cell margins; 
right panel embryos stained for aclin filaments with phal- 
loidin* At the comma stage (a,b^c), a hypodermally se- 
creted sheath covers the individual cells (a). Staining with 
MH27 shows the arrangement of the hypo dermal ceils (b)* 
Dorsal cells have not fused (large arrowhead) ^ and the seam 
cells (middle cell row, small arrows) are roughly cuboidal in 
shape. Oriented actin microfilaments have appeared in the 
dorsal and ventral cell rows (c, arrow). The arrowheads in 
Cjfj and i indicate muscle quadrants, which also stain for 
actin, as do the adherens junctions at the cell boundaries* 



of apically located circumferential fibers, which 
are connected at their ends to the adherens junc- 
tions (similar to belt desmosomes) on the longitu- 
dinal margins of the cells. The position of the ac- 
tin fibers in electron micrographs and their rela- 
tionship to later cuticle structures suggests that 
they are also attached along their lengths to the 
overlying hypodermal cell membrane. A repeating 



As elongation proceeds to twofold (d), the dorsal hypoder- 
mal cells begin fusion (e, large arrowhead) y and the seam 
cells change shape, elongating in the A-P direction (small 
arrows^ e) and contracting dorso-ventrally (small arrow- 
heads). Actin microfilaments are more pronounced (f, ar- 
row). At the pretzel stage (g), dorsal hypodermal fusion 
is complete (h) and the seam cells are very elongated 
(h, small arrows and arrowheads). The actin filaments 
(i, arrow) are now also evident in the seam cells, and are 
more widely spaced than earlier in the dorsal and ventral 
hypodermis, where they are located under the furrows in 
the hypodermal cell surface and sheath. By hatching, these 
microfilaments will be randomly oriented, and resemble a 
meshwork, (a^b,d^e,g, and h reprinted with permission 
from PH ess and Hir^ 1986; Cjf, and i Costa et ah 1997) 



pattern of circumferential microtubules also 
forms. Just before elongation, the hypodermal 
cells secrete an extracellular sheath, which con- 
tacts the cell membrane directly above each mi- 
crofilament bundle. 

Elongation is completely, though reversibly, 
blocked by treatment of embryos with cytochala- 
sin D, but only partially blocked by microtubule 
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inhibitors. Trypsin digestion of the extracellular 
sheath also blocks elongation. Internal pressure 
develops during elongation, as cells are squeezed 
out of the body if the hypodermis is breached. 
From these observations, the model has been pro- 
posed that elongation is produced by the contrac- 
tion of the microfilaments, which are distributed 
to exert a circumferential pressure, changing the 
hypodermal cell shapes and squeezing the sphe- 
roid embryo into a worm shape. Microtubules are 
thought to distribute the contractile force and add 
strength to the stretching sheet of hypodermal 
cells; the sheath could also function to maintain 
hypodermal integrity during elongation. 

After elongation, the hypodermal cells secrete a 
multilayered extracellular cuticle. The oriented 
microfilament bundles appear to set the pattern 
for regularly spaced cuticular furrows, defining 
the annuli, which are centered over each microfi- 
lament bundle. Subsequently, both microfilaments 
and microtubules assume a random orientation in 
the hypodermal cells. However, the oriented bun- 
dles reappear before each of the postembryonic 
molts to pattern the furrows in the new cuticle. 
After elongation of the embryo and the loss of 
microfilament orientation, the cuticle functions to 
maintain body shape, as evidenced by mutations 
in the cuticle collagen sqt-3 (squat) which cause 
embryos to retract to a short dumpy shape after 
full elongation. 

Cell fusion to form the syncytium hyp7 repre- 
sents a further aspect of hypodermal morphogen- 
esis. It occurs during the process of elongation, in 
a characteristic but somewhat variable order back 
from the anterior (Fig. 9b,e,h). During cell fusion 
a complete remodelling of the intercellular junc- 
tions occurs; however, the initiation and regula- 
tion of fusion are not yet understood. 

17.2.5 

Genetic Control of Hypodermal Morphogenesis 
and Elongation^ 

In the movements of hypodermal cells, contralat- 
eral functional homologues must elongate them- 
selves, travel some distance, meet and recognize 
each other correctly, and establish junctions on 
contact. Thus, conceptually, surface markers of 



cell identity, signals or signalling pathways be- 
tween cells, and structural cytoskeletal and mem- 
brane components used in movement, adherance, 
or repulsion will be involved in morphogenesis. 
Mutants defective in hypodermal morphogenesis 
can identify genes for particular signalling path- 
way or structural components that reveal or con- 
firm their importance as downstream targets of 
transcription factors with a morphogenetic func- 
tion. 

The isolation and characterization of such mu- 
tations has identified a number of genes involved 
in these processes, although so far not enough to 
allow a complete description of these complex 
processes at the molecular level. Two broad genet- 
ic screens to identify zygotic genes required for 
correct hypodermal specification and patterning 
during C. elegans embryogenesis have been re- 
ported. Both use the strategy of analyzing the 
phenotypes of homozygous deficiencies, in total 
covering about 75% of the genome, to identify ge- 
netic regions affecting hypodermal morphogen- 
esis. One screen looked for abnormal expression 
of a seam cell reporter gene, the second for ab- 
normal expression of the hypodermal marker 
LIN-26 using antibody staining. Nearly 50 defi- 
ciencies were found to affect seam cell marker ex- 
pression or patterning; the more specific antibody 
screen identified six loci required for normal lin- 
26 expression. 

17.2.5.1 

Genes Functioning 

in the Pattern Formation Phase 

After the initial specification of hypodermal cell 
fate, more subtle distinctions between lineage 
branches must operate to get cells into their cor- 
rect relative positions and cell contacts. Mutations 
in several genes have been shown to affect various 
aspects of pattern generation before the 350-cell 
stage. 

pal-L pal-1 mutants show severe morphogenetic 
posterior defects as late embryos. This Hox gene 
is expressed in the C hypodermal and muscle 
lineages at the time of pattern-generating cell 
movements. Strong pal-1 mutations affect early C 
division planes and movements, and consequently 
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Fig. 10 A- D. vab-7 (evenskipped) expression and patterning 
defects in mutant embryos. A Embryonic vab-7 expression. 
Only posterior daughters at the 8-C cell stage, and their 
descendants, express vab-7\ a generation later an additional 
posterior C muscle branch expresses the gene, (hyp hypo- 
dermis). B Hypodermal patterning defects in vab-7 mu- 
tants. Both daughters of Cpapa (black circles) are found in 



positions anterior to their positions in wild type (open cir- 
cles). C Wild-type muscle quadrants: gray cells are C de- 
scendants expressing vab-7\ hatched cells are the anterior C 
descendants that do not express the gene. D Muscle quad- 
rants in a vab-7 mutant animal: cells are misplaced both 
dorso-ventrally and, to a lesser degree, antero-posteriorly. 
(Redrawn with permission from Ahringer 1997) 
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disrupt the posterior hypodermal cell patterning, 
and to a lesser extent, the posterior muscle pat- 
tern. At the time of ventral hypodermal enclo- 
sure, pal-1 is also expressed transiently in the P 
cells which ring the ventral pocket. In mutant em- 
bryos, these cells often fail to move ventrally, or 
move slowly, preventing or delaying hypodermal 
enclosure. These phenotypes suggest that PAL-1 
may have genes for cell- cell recognition factors as 
downstream targets. 

vab-7. Another transcription factor, the Drosophi- 
la even-skipped homologue vab-7y is required for 
correct posterior patterning of both C-lineage hy- 
podermal and muscle descendants before the lima 
bean stage, vab-7 is expressed in the posterior 
daughters of the right and left C hypodermal 
precursors, and their descendants, and in the pos- 
terior 3/4 of the C-derived muscles, as well as in 
the posterior AB-derived cells forming hyp 10 
(Fig. 10 A). Loss of vab-7 function in mutants 
does not affect fate specification at the hypoder- 
mal-muscle level. However, the posterior hypoder- 
mal daughters often move into inappropriate ante- 
rior spots in the hypodermal rows (Fig. 10 B). 
vab-7 mutations have a similar effect on muscle 
patterning, producing defects in the separation of 
C-derived muscle into dorsal and ventral quad- 
rants (Fig. 10C,D). Phenotypic and lineage ana- 
lyses of vab-7 loss-of-function mutants suggest 
that a confusion of both anterior-posterior and 
dorsal-ventral identities leads to the defects seen 
in hypodermal and muscle patterning. Expression 
of vab-7 requires maternal pal-1 gene product, 
which initially specifies the C-lineage fate, but 
does not appear to be regulated by embryonic 
PAL-1. In turn, it is required to specify the full 
expression pattern of the Hox gene egl-5 in poste- 
rior embryonic muscle, providing evidence for a 
hierarchical pathway of transcription factors oper- 
ating sequentially during morphogenesis. 

17.2.5.2 

Genes Functioning 
in Hypodermal Cell Movements 

Because of the coordination required in hypoder- 
mal cell movements, signalling pathways might be 
expected to play a role in the establishment of 



correct patterning, either by initiating transcrip- 
tion factor activities or as their downstream tar- 
gets involved in cell recognition. Mutations in the 
gene vab-1 cause variable defects in the move- 
ment of hypodermal cells during ventral enclo- 
sure. The leading cells move slowly and send their 
actin podofilia too far to the anterior, often result- 
ing in an incomplete posterior closure and conse- 
quent rupture of the embryo during elongation. 
The vab-1 gene encodes an Ephrin receptor pro- 
tein-tyrosine kinase, the first identified in inverte- 
brates. Strong alleles are mutations in the extra- 
cellular domain, whereas mutations in the kinase 
domain produced only weak phenotypes, suggest- 
ing two functions for this gene. Reporter con- 
structs were, surprisingly, expressed not in the 
elongating hypodermal cells, but in head and tail 
neuroblasts, and analysis of genetic mosaics 
showed that loss of wild-type vab-1 function in 
neuronal precursors, but not hypodermal cells, re- 
sulted in the hypodermal phenotype. A C. elegans 
ephrin-related gene, vab-2^ has been identified as 
encoding a possible ligand (A. Chisholm, pers. 
comm.). In vertebrate ephrin-signalling pathways, 
a signal can go either forward into the cell with 
the membrane receptor-tyrosine kinase, or back- 
wards, as the receptor can signal to the ligand- 
bearing cell. Based on these possible signalling 
modes, two models might explain the vab-1 role 
in hypodermal cell morphogenesis (Fig. 11A,B). 
Because the vab-1 null phenotype is variable and 
not always embryonically lethal, other signalling 
pathways with redundant functions probably op- 
erate as well. 

17.2.5.3 

Genes Involved in Elongation 
A Signalling/Regulatory Pathway 

Two genes, let-502 (lethal) and mel-11 (maternal-ef- 
fect /ethal), identified in screens for mutants defec- 
tive in elongation, are members of a presumed 
Rho-GTPase signalling cascade which probably 
controls the actin microfilament contraction of 
elongation, let-502 is similar to vertebrate Rho- 
binding Ser/Thr kinases (as well as the human 
myotonic dystrophy kinase), which have been 
shown to phosphorylate Ser^^ of the myosin regula- 
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Fig.HA-B. Two models for the vab-1 signalling pathway 
in ventral hypodermal enclosure. In A, a “fbrwarcf’ signm 
from the ligand-bearing cell (dots, ligand; Y VAB-l, the re- 
ceptor) is received by the receptor-bearing cell and trans- 
mitted through intracellular kinase activity of the receptor. 
In this modd, the neuronal precursor cells with the recep- 
tor would be directly affected (A, top), and disorganized in 
position in the mutant {A, bottom). The effects on the non- 
expressing hypodermal cells would be necessarily indirect, 
and are here postulated to be due to steric hindrances to 
their movement. B represents a “reverse” kinase -indepen- 
dent signalling, in which binding of ligand to the receptor 

tory light chain (MRLC) of smooth muscle in a 
non-Ca^'^-dependent mode, to cause contraction. 
Dephosphorylation of Ser^^ by a myosin phospha- 
tase complex leads to relaxation. The phosphatase 
complex is inactive when phosphorylated, and is 
a second substrate for the Rho-GTPase kinasej so 
that the phosphorylation state of the myosin regu- 
latory light chain (MRLC) can be either directly or 
indirectly controlled by the Rho-kinase. mel-lU 
isolated as a suppressor of let-502y encodes a pro- 
tein with high simOarity to myosin phosphatase 
regulatory subunits, identifying a second compo- 
nent that parallels the vertebrate signalling sys- 
tem. The model proposed to fit the genetic interac- 
tions is that Rho-kinase activates let-502 kinase, 
which then phosphorylates and inactivates the 
mel-11 phosphatase, resulting in increased phos- 
phorylation of the MRLC, This change in phos- 



extracellular domain produces a signal to the ligand -bear- 
ing cell, as has been found recently for some vertebrate Eph 
receptors. In this hypothesis the hgand is expressed on the 
hypodermal cells, which in wild type (B, top) would be re- 
pelled away from the neurons, and migrate transversely 
Without vah-1 function, they migrate too far anteriorly, 
over the neurons. This model is preferred, since mutations 
in the vab-l extracellular domain generate strong vab-1 
alleles, while mutations in the kinase domain have weaker 
phenotypes. (Redrawn with permission from George et al. 
1998) 



phorylation levels then causes the rapid contrac- 
tion of cytoplasmic microfilaments during elonga- 
tion of the embryo (Fig. 12), Similar cascades have 
been seen in shape changes in vertebrate cells. 

Structural Genes Required for Elongation'^ 

Genetic screens for non-maternal elongation -de- 
fective mutants have identified three genes with a 
similar dorsal hump phenotype, hmp-1 (hump- 
back), hmp-2, and hmr-I (humpback- related). In 
hmp-1 mutants, the circumferential actin micro- 
filaments appear to dissociate from the adherens 
junctions during elongation. hmp-J encodes an a- 
catenin equivalent; the hmp-2 gene product re- 
sembles the /?-catenin-binding proteins /J-catenin 
and Armadillo, and is needed to localize HMP-1 
protein to the adherens junctions, hmr-1 encodes 
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Fig. 12. A model for a signalling 
cascade leading to hypo dermal 
cell shape changes and embryo- 
nic elongation. In parallel to re- 
cent findings in vertebrate sys- 
tems^ the Rho-activated kinase 
LET- 50 2 may have a dual func- 
tion^ and phosphorylate both 
the nmRLC (non-muscle myo- 
sin regulatory light chain), acti- 
vating nmRLC to cause microfi- 
lament contraction, and the 
MEL- 11 phosphatase, inactivat- 
ing it, which would indirectly 
increase levels of nmRLC phos- 
phorylation. (MLCK, myosin 
light chain kinase). (Reprinted 
with permission from Wiss- 
mann et al, 1997) 
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a classical cadherin, which should bind ^-catenin, 
and is required to localize both HMP-1 and HMP- 
2. Thus these three structural components, which 
are all localized to adherens junctions, presum- 
ably act as a complex holding the microfilaments 
to the lateral cell margins during elongation. 

Another of the several C. elegans cadherins, cdh- 
3 (cad^ierin), which has domain similarities to two 
Drosophila genes, fat and dachsous^ is expressed in 
embryonic hypodermal seam cell precursors and 
some neurectodermal precursors. However, a dele- 
tion mutant affects only the tip of the tail. This 
finding suggests that redundant functions are 
most likely supplied by other members of the cad- 
herin family {five so far) or unrelated genes. 

In summary, the descriptive basis for identify- 
ing mutations in hypodermal morphogenesis and 
their analysis is quite complete, and some of the 
players, but probably only a small number, have 
been identified. More genes must still be identi- 
fied to obtain a clear picture of the pathways of 
regulation and the downstream target genes that 
play roles in hypodermal morphogenesis. 



17,2,6 

Muscle Morphogenesis and Hypodermal Interactions 
17,2,6,1 

Body Wall Muscle Formation 

Morphogenesis of the embryonic body wall mus- 
cles is intimately related both to hypodermal 
morphogenesis, and to the correct assembly and 
function of the extracellular membrane (ECM) 
surrounding the muscles. In the developing em- 
bryo, the 81 body wall muscle (bwm) cells arise 
from the MS, C, and D lineages, with a single 
muscle contributed by the AB lineage (Fig. IOC). 
Early R/L divisions generate homologous precur- 
sors for the muscles of the two sides. After gas- 
trulation, the muscle precursors make anterior- 
posterior divisions, with minor movements of C 
and D descendants to get to the proper side, so 
that by the lima bean stage right and left rows of 
muscle cells flank the gut at the lateral midlines 
(Fig. 2C). Between lima and comma stages, these 
separate into dorsal and ventral groups to form 
four muscle quadrants running the length of the 
worm. During the same period, shortly after the 
terminal divisions, differentiated muscle proteins 
appear, and myofilament components localize to 
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Fig, 13, Schematic diagram of a muscle sarcomere and its 
connections to the underlying basement membrane, hypo- 



dermal cell, and cuticle. (Redrawn with permission after 
Hresko et al 1994; Moerman and Fire 1997) 



the membranes where the muscle cell contacts the 
basement membrane and the overlying hypoder- 
mal cell. By the twofold stage, sarcomeres and at- 
tachment complexes to ECM have formed on the 
muscle side, and muscle twitching begins. At the 
same time, hemidesmosomes and t on o filaments 
(intermediate filaments) form in the hypodermal 
cell faces adjacent to muscle, attaching the hypo- 
dermal cells to the ECM and muscle (Fig. 13), 
This assembly appears to be muscle- induced. At 
elongation, the muscle cells stretch out into spin- 
dle shapes. There is considerable plasticity in this 
phase of muscle morphogenesis, for embryos in 
which the D blastomere has been laser-ablated, 
and which are consequently missing 20 of the 81 
bwm cells, can nevertheless develop into almost 
normal, fully elongated larvae and adults, 

17,2,6,2 

Extracellular Membranes: the Connection 
Between Muscle and Hypodermis 

In vertebrates, extracellular membranes (ECM) 
function during development in mediating ceU 



adhesion, cell migration, and differentiation, as 
well as forming barriers between tissues. C, ele- 
gans basement membranes could be expected to 
play similar roles in morphogenesis. Major com- 
ponents of C, elegans ECM, identified by se- 
quence, antigenicity, or mutation, correspond to 
those found in vertebrates, and include single al 
and a2 subunits of Type IV collagen, a and /? sub- 
units of laminin, the proteoglycan perlecan, 
SPARC/osteonectin, and nidogen. 

At hatching, basement membranes cover the 
surfaces of the interior structures (pharynx, intes- 
tine, and gonad), and line the pseudo coelomic 
s ur faces of the sheetlike hyp o derma! layer 
(Fig. 14), ECM is continuous under the four quad- 
rants of body wall muscle but also covers the 
pseudocoelomic faces of the muscles. 

The major basement membrane component. 
Type IV collagen, is made embryonically only by 
body wall muscle, and appears to be secreted, then 
assembled into the extracellular membranes of the 
pharynx, the gut, and the gonad. Both subunits are 
first detectable antigenically just before the lima 
bean stage, i.e„ as elongation begins, at first intra- 
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Fig. 14. Basement membranes in C elegam. LefU Head 
cross section^ right mid-section of an adult worm. Thick 
black lines indicate extracellular membranes (ECM) stain- 
ing with antibodies to type IV collagen subunits, a major 
ECM component. Stippled membranes do not stain with 



cellularly in the body wall musdeSj then at the hy- 
po dermal- muscle interfacej and by comma stage as 
extracellular membranes around the pharyngeal 
and intestinal primordia. Curiously, Type IV col- 
lagen is not detected in ECM on the pseudocoelo- 
mic face of body wall muscle {though presumably 
it is secreted from this face)> or on the pseudocoe- 
lomic face of the hypodermis between the muscle 
quadrants^ although it is thought there is only 
one isoform of each subunit Mutations in either 
the a 1 or a2 subunits {emb-9 and let-2, respec- 
tively) cause late-embryonic lethality; mutant em- 
bryos arrest without elongating and show gross 
morphological defects in muscle organization. 

The proteoglycan perlecan, encoded by the 
unc-52 gene, is also made only by muscle cells. In 
contrast to Type IV collagen, it is deposited lo- 
cally by the individual cells producing it, into the 
ECM between the hypodermis and muscle quad- 
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Tissues that do not express type IV collagen: 

Intestine Pharynx Hypodermis 

these antibodies, although no alternative type IV collagen 
isoforms are known. The ECM between muscle and hypo- 
dermis also contains additional specific components (see 
text, and Fig, 13). (Reprinted with permission from Graham 
et al. 1997) 



rants. Severe unc-52 alleles cause embryonic le- 
thality with arrest at the twofold stage of elonga- 
tion. SPARC/osteonectin, an anti-adhesive glyco- 
protein, is expressed from late embryogenesis by 
body wall muscle. No mutations have been identi- 
fied, but overexpression of the gene suggests em- 
bryonic functions. Mutations in genes encoding 
the two laminin subunits, a and /f {epi-1 ( epithe- 
lial ization abnormal) and lam-1 (i^minin-related), 
result in muscle disorganization and migration 
defects as well as defective ECM. Mutation of an 
integrin (cell-surface receptors for ECM compo- 
nents), ^-pat-3 (paralyzed at fwo-fold), gives an 
embryonic arrest phenotype similar to unc-52. 
That mutations in several ECM components cause 
similar defects in muscle organization shows the 
importance of intact and functional basement 
membranes during the morphogenetic stage of 
elongation. 
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17.2.6.3 

Genetic Analysis of Muscle Morphogenesis 

The characterization of two phenotypic classes of 
mutants isolated in screens for embryonic mu- 
tants that arrest during elongation illustrates the 
relationship of muscle morphogenesis to overall 
body morphogenesis, and identifies the intimate 
relationship of hypodermal and muscle morpho- 
genesis. 

pat mutants. The pat (paralyzed and arrested 
elongation at twofold) mutations result in para- 
lyzed embryos that show little or none of the nor- 
mal twitching, and arrest at the twofold stage of 
elongation. All of the Pat-phenotype genes cloned 
have proved to be components of muscle itself 
(troponin T, troponin C, tropomyosin, myosin) or 
of the muscle attachment complex (vinculin, a- 
and ^-integrin, perlecan, see Fig. 13), and mutants 
show abnormalities at the level of muscle ultra- 
structure. The arrest phenotype indicates that 
normal differentiation of muscle and muscle at- 
tachment complexes are required for successful 
elongation of the worm. Because mutations in 
basement membrane components and integrins 
result in abnormal sarcomere morphology, the 
current hypothesis is that these external junction 
complexes form nucleating sites for proper sarco- 
mere assembly. 

mup mutants. Analysis of the Mup (mascle attach- 
ment position defects) class of mutations further 
demonstrates that hypodermal interactions with 
muscle are required for successful elongation. 
These embryonic lethal mutations arrest as three- 
fold embryos with a characteristic kinked “crois- 
sant” shape. Mutants for the mup-1 gene first 
show defects at the comma stage, when the mus- 
cles begin to separate into dorsal and ventral 
quadrants. Rather than elongating along the body 
axis and developing antero -posteriorly oriented 
bundles of microfilaments, the muscle cells fre- 
quently extend dorsal or ventral processes con- 
taining axially oriented microfilaments, which 
make ectopic, although normal-appearing, hypo- 
dermal attachments. As twitching increases in the 
disorganized muscle, the muscle pulls away from 
its hypodermal connections. Because the mup-1 



phenotype is genetically suppressed by mutations 
in some cuticle collagens and in the ECM compo- 
nent perlecan, the mup-1 gene product is thought 
to be a localized adhesion molecule involved in 
muscle-ECM and muscle-cuticle junction struc- 
tures. 

Analysis of the mup-4 gene also implicates the 
hypodermis in muscle morphogenesis. Like mup- 
1 mutants, most mup-4 embryos arrest at a three- 
fold stage, with muscles detached at the nose and 
tail, and dorsal muscles displaced ventrally. A 
fraction of the embryos arrest earlier, failing in 
hypodermal ventral enclosure, and thus rupturing 
at elongation. Antibody staining of mutants re- 
vealed abnormal hypodermal cell shapes as well 
as muscle displacements in both classes of em- 
bryo, and analysis of genetic mosaics placed the 
focus of the defects (i.e., the requirement for the 
gene activity) in hypodermal cells of the AB line- 
age rather than in muscle. Thus, the muscle 
attachment defects appear to be a consequence of 
hypodermal cell defects. A candidate gene for 
mup-4 is a predicted transmembrane protein 
which has extracellular domains containing EGF- 
like and low-density-lipoprotein-like repeats, sug- 
gesting that the gene product may function in 
ECM interactions with muscle cell. 

17.2.7 

Morphogenesis of the Digestive System 
17.2.7.1 Morphology 

The C. elegans digestive system is a tube consist- 
ing of cellular rings forming an anterior pharynx, 
the pharyngeo-intestinal valve, the intestine, the 
intestinal-rectal valve, with external hypodermal 
connections, the buccal cavity and the rectum, at 
either end (Fig. 15 A). Four rings of hypodermal 
cells form the buccal cavity, which is lined with 
cuticle continuous with the external cuticle and 
with the pharyngeal cuticle. The pharynx is a 
complex organ containing 80 nuclei, and five cell 
types (Fig. 15 B). These cells form a pumping 
structure with threefold radial symmetry, consist- 
ing of two muscular bulbs separated by an isth- 
mus. Specialized cuticular structures along the 
pharyngeal lumen function as sieves and grinding 
mechanisms. The pharyngeo-intestinal valve con- 
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Fig. 15 A, B. The digestive system of an Ll larva. A Diagram 
of the tubular digestive system. The anterior hypodermal 
connections and anterior pharyngeal bulb are derived from 
various ABa sublineages; uie posterior pharyngeal bulb and 
the ph ary ngeo- intestinal valve {p.L valve] from MS; the in- 
testine {inf) from E; and the intestino-rectal valve, rectal 
epithelium, and rectal hypo dermis from ABp sublineages. 
Different morphological sections (nwgs) are composed of 
from one to four cells; for example, the inti ring has four 
cells, and int rings 2-8 each consist of two cells. B Schema- 



sists of three rings of one, three, and two cells 
each; the intestine of nine rings of two or four 
cells; the intestinal-rectal valve is a single two-cell 
ring. Most of these cells have microvilli. Finally, 
four rings of rectal epithelial cells form the rec- 
tum and connect to the external cuticle. These 
components originate from a wide variety of 
lineages; the question is, how do they assemble 
into a set of organs? 

17,2,7.2 

Origins of the Digestive System^® 

The anterior portion of the pharynx is descended 
from ABa, while the posterior bulb comes from 



tized cross section of the mid-region of the pharynx, show- 
ing the arrangement of four of the different cell types. The 
symmetry is triradial, with muscle fibers radially arranged 
to open the lumen at contraction, producing a pumping 
force. The fifth pharyngeal cell type, epitheUal cells, are 
similar to the marginal cells but located in the anterior 
part of the pharynx. The lumen is lined by cuticle, specia- 
lized in several regions to form sieve -like projections, and 
in the posterior to form the grinder, (Redrawn with permis- 
sion after Raizen and Avery 1994) 



MS descendants. The intestine is clonally de- 
scended from the E cell. The fates of the pharyn- 
geal and gut forebears are specified very early in 
embryogenesis by cell interactions (see Chap. 15). 
The connecting valve cells and the hypodermal buc- 
cal and rectal cells come from ABa at the anterior 
end and ABp at the rectal end. For the most part, 
right and left portions of the structures are formed 
by lineal homologues, generated by an early L-R di- 
vision in each lineage. By about the 200-ceU stage, 
particular AB and MS lineage branches become ex- 
clusively pharyngeal, though a given sublineage 
may generate several types of pharyngeal cells. 
The pharyngeal precursors are localized centrally 
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anterior to the gut. Meanwhile, the gut has formed a 
double line of 20 cells. By 350 cells, the gut nuclei 
polarize, moving to the apical end of the cell, and 
the lumen begins to form. By the comma stage, 
basement membrane is laid down around the phar- 
ynx and gut; the pharyngeo-intestinal valve cells lie 
outside this membrane, but are connected to each 
other as well as to the pharynx and gut by tight 
junctions (desmosomes). 

During elongation, the pharynx and gut stretch 
out, suggesting they are already attached to the 
hypodermis at the front and rear. Between the 
comma stage and 1 1/2-fold stage, external pits 
appear in the head and rear hypodermis, which 
invaginate to form the buccal cavity and the rec- 
tum, connecting to the pharynx and intestinal- 
rectal valve cells. The pharynx begins to pump 
shortly before hatching, indicating that neural 
connections have been made. 

17.2.7.3 

Organ Identity: the Pharynx 

The characterization of two zygotically acting 
genes, pha-1 and pha-4 (p/zaryngeal-defective), 
both encoding transcription factors, suggests that, 
in the case of the pharynx, an organ identity unit- 
ing cells of diverse origins and future differentiative 
fates is established quite early in development. Mu- 
tant pha-1 embryos make a rudimentary pharynx, 
which has the full number of cells, and is bounded 
by a basement membrane. However, none of the 
five cell types of the pharynx undergoes differen- 
tiation. An early antigenic marker of pharyngeal 
muscle, 3NB12, is expressed, but the later- appear- 
ing pharyngeal- specific myosin, myo-2 (myosin), 
is not. Genetic mosaic analysis indicates that pha- 
1 expression is a cell-autonomous requirement for 
differentiation. Consistent with this data, pha-1 is 
expressed briefly, for approximately one cell cycle, 
in all pharyngeal precursor cells from about the 
100-cell stage as they are becoming clonally re- 
stricted to pharyngeal development. Thus, the 
gene acts in an organ-, not lineage or cell type-spe- 
cific, mode. The pha-1 gene product is a DNA-bind- 
ing protein of the Bzip transcription factor class, 
somewhat divergent in that, while it has both basic 
and leucine zipper domains, there is no dimeriza- 
tion domain between them. 



The gene pha-4 appears to act at an even 
earlier stage of pharyngeal development, pha-4 
mutants have no pharyngeal primordium, and 
produce extra hypodermal and glial cells as an 
alternative to pharyngeal cells. Neither the early 
marker 3NB12 nor later pharyngeal markers are 
expressed in these embryos. Both the AB- and 
MS-derived pharyngeal precursors are affected. 
However, MS fate specification in non-pharyngeal 
derivatives appears normal, and MS induction of 
ABa in non-pharyngeal lineages occurs normally, 
indicating that the initial MS signal did occur. 
Thus, like pha-1 , pha-4 affects development of the 
whole organ rather than a cell type or specific 
lineage. Additionally, in pha-4 mutants, the phar- 
yngeo-intestinal valve is missing, and often the 
intestinal-rectal valve as well. It is proposed that 
pha-4 could function either to specify a pharyn- 
geal organ identity, or to organize the assembly of 
pharyngeal precursors into the primordium; in 
either case it would act upstream of pha-1 . pha-4 
is a homologue of Drosophila forkhead, a tran- 
scription factor expressed in the fore- and hind- 
gut during embryogenesis. In C. elegans, another 
forkhead homologue, the gene daf-16 {dauer-for- 
mation defective), operates in the larval dauer 
pathway to integrate TGF^ and insulin-like sig- 
nals, suggesting that pha-4 may also participate in 
a signalling pathway. 

Thus, there appear to be at least two steps reg- 
ulating transcription that operate at the organ lev- 
el to organize the pharyngeal primordium and 
initiate cell differentiation. A more terminal level 
of regulation in the pharynx has been approached 
by looking for factors binding to the promoters of 
tissue-specific proteins of terminal differentiation. 
The homeodomain gene ceh-22 is expressed only 
in pharyngeal muscle, and its gene product was 
found to bind to the B enhancer element of the 
pharyngeal-specific myosin myo-2. ceh-22 is a 
member of the NK2 class of homeodomain tran- 
scription factors. A second NK2 family member 
identified in C. elegans is ceh-24, which is ex- 
pressed, under control of one of three separate 
czs-acting enhancers, very specifically in the pos- 
terior-most pharyngeal muscle m8, which joins to 
the pharyngeo-intestinal valve. Its function there 
is still mysterious. 
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17.2.7.4 

Gut Morphogenesis^® 

The gut develops its basic pattern through clea- 
vage orientations, in that each ring of two or four 
cells is generated by paired right and left homolo- 
gues from the 2 E^ division, and sequential rings 
are formed by anterior-posterior divisions. How- 
ever, even here there is a twist: the double rows of 
Ea and Ep descendants overlap at the middle at 
the time of their terminal division, and the most 
anterior Ep pair interdigitates to become int4, 
while the most posterior Ea pair becomes int5 
(see Fig. 15), which is closely associated with the 
gonad primordium during embryogenesis. Some 
genes are known to be regionally expressed with- 
in the developing gut: the caudal homologue pal-1 
is expressed only in int5, and the labial homolo- 
gue ceh-13 is expressed only in Ep and its descen- 
dants, although their functions in these cells are 
not yet known. 

The basement membrane, which is secreted onto 
the gut (see Sect. 2.6.2), seems to play a major role 
in gut morphogenesis. If the two gut precursors, Ea 
and Ep, are effectively killed by laser irradiation 
shortly after gastrulation, and do not divide or dif- 
ferentiate, the embryo can nevertheless develop to 
hatching as a normal-looking elongated worm. In 
these animals, the gut consists of the two initial E 
cells, squeezed into the mature elongated gut 
shape by a basement membrane, and unconnected 
at the posterior. The hypodermal portion of the 
rectum nevertheless does form, suggesting either 
that the hypodermal invagination may be cell- 
autonomous, or that the intestinal-rectal valve 
cells are functioning as inducers. 

The two cells of the intestinal-rectal valve are 
produced by one of the ABp cells on the right 
side of the ventral cleft (Sect. 2.2.2), while the left 
lineal analogue produces different cell types. If 
the cells do not meet, each will produce two valve 
cells, indicating that cell contact is needed to 
break a R-L lineage-based symmetry. Thus the 
precursor cells must signal each other for correct 
formation of the intestinal-rectal valve, although 
the signalling system is not yet defined. 

The upstream regulation of a gut-specific ter- 
minal differentiation product suggests that a com- 
plex set of overall regulatory controls operates in 



the digestive system as a whole, and functions to 
divide it into regions. The ges-1 (gut esterase) 
gene encodes a gut-specific non-essential esterase 
expressed early in gut differentiation. Its promo- 
ter contains two sets of WGATAR sequences; the 
gene elt-2 (erythroid-/ike transcription factor fam- 
ily) encodes a GATA-binding transcription factor 
binding these sequences (see Chap. 16.5.1). Delet- 
ing the ges-1 GATA sequences abolishes ges-1 ex- 
pression in the gut and at the same time produces 
ectopic expression in the pharynx and the rectal- 
intestinal valve and rectal-epithelial cells; however, 
there is no ectopic expression outside of the di- 
gestive system. Thus, expression of the ges-1 
marker must both positively regulated in the gut 
and repressed in other parts of the digestive sys- 
tem. The ectopic expression of the promoter-de- 
leted ges-1 gene requires the pha-4 gene product, 
providing further evidence that pha-4 specifically 
regulates the anterior and posterior ends of the 
digestive system. 

17.3 

Postembryonic Morphogenesis 

The somatic sexual structures, which include the 
gonad, spermatheca, uterus, and vulva of the her- 
maphrodite, and the gonad and posterior mating 
structures of the male, are formed postembryoni- 
cally, and involve various sets of cell contacts, 
movements, fusions, shape changes, invaginations, 
eversions, and cytoplasmic retractions as the cells 
divide and differentiate. Because the reproducing 
worm is a self-fertilizing hermaphrodite, muta- 
tions in these systems are generally non-lethal. 
Very elegant work has outlined the regulatory and 
signalling pathways that specify the fates of the 
cells composing these structures (see Chap. 16.4.4 
and 16.5.2). At this stage, several laboratories are 
beginning to focus on the downstream events of 
morphogenesis, in particular in the formation of 
the sensory structures (rays) of the male tail, 
which is discussed briefly here, and the hermaph- 
rodite uterus and vulva. 
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17.3.1 

Morphogenesis of the Male Tail 

In the postembryonic development of the male tail, 
divisions of the three most posterior hypodermal 
seam cells lead to the formation of nine similar 
but distinctive sensory rays on each side of the 
tail, within the folded cuticle of the fan, a hypoder- 
mal mating structure (see Chap. 16, Fig. 11). The 
establishment of unique identities for each of the 
nine rays represents a widespread developmental 
strategy of generating reiterated structures which 
differ according to their axial position, so that un- 
derstanding the regulation of this process in C. ele- 
gans may provide general insights into morphogen- 
esis. Morphogenesis of the male tail is intimately 
related to the correct specification of individual 
rays, for each lineage- specified ray precursor cell 
(Rl-9) and its three descendants (two neurons 
and a structural cell) must occupy specific posi- 
tions and connect to a specific overlying hypoder- 
mal cell. If identity is incorrect, the misspecified 
ray will generally move and fuse with the ray it 
thinks it is, leaving a gap and incidentally provid- 
ing a basis for the identification of mutants affect- 
ing ray formation. Thus, cell recognition and adhe- 
sion, as well as the specifics of neuronal transmitter 
choice and details of structural morphology, ap- 
pear to be specific for each ray; laser ablation ex- 
periments have shown that this specificity resides 
in the structural cell. 

Individual identities are already apparent in 
the ray precursor cells, as discussed in 
Chap. 16.5.2. Rays 1-6 are specified by complex 
regulation of the levels and temporal expression 
of the Hox genes mab-5 and egl-5 , and rays 7-9, 
derived from a different blast cell, by an indepen- 
dent pathway. Ray individuality also appears to be 
modulated by signals between one developing ray 
and the next. Two signalling pathways have been 
genetically identified that act in refining ray iden- 
tity, and are presumably involved in signals be- 
tween one developing ray and its neighbors. 
Members of a TGF^^-like (SMAD) signalling path- 
way function in defining rays 4-9. Mutations in 
the genes dbl-1 (Decapentaplegic-RMP4-/ike), 
sma-6 {sma\\)y daf-4, sma-2y sma-3, and sma-4 
produce similar phenotypes; the most characteris- 
tic male tail transformation is of rays 5 and 7 



into ray 6. dbl-1 is a TGF^-like gene; daf-4 is a 
type II TGFyS receptor; and sma-2y sma-3y and 
sma-4 encode SMAD proteins. Two members of a 
Wnt pathway (lin-44 is the Wnt-like ligand; lin- 
17, a frizzled relative, is presumably the receptor) 
participate in a signal from the tail tip that affects 
the polarity of the T cell and its descendants, 
which generate rays 7-9. It is not clear yet at 
what stage or level in tail development these sig- 
nalling pathways operate. Likewise, little is known 
as yet about downstream targets of the transcrip- 
tion factors identified, although some of the tar- 
gets and effectors must be genes involved in cell 
recognition and adhesion. 

By mid-L4, cell divisions of the ray precursors 
are complete, and the two neurons and the struc- 
tural cell have formed a papilla with junctions to 
a specific dorsal or ventral hypodermal region. 
The neurons then delaminate from the hypoder- 
mis, and all three cell bodies migrate into the 
lumbar ganglia, leaving dendritic and support 
processes behind. Late in L4, the inner hypoder- 
mal layer of the newly formed adult cuticle re- 
tracts, while the outer layer detaches and folds 
away from the body to form the fan. 

Mutations affecting the actual morphogenetic 
process of fan formation and the hypodermal re- 
traction process have identified at least five genes 
affecting male tail tip morphology. Of these, lep-1 
(/eptoderan male tail) is interesting in that mu- 
tants have a pointed tail resembling the hermaph- 
rodite tail, as do males of leptoderan species of 
the family Rhabditidae, which includes C. elegans. 
Indeed, male tails of many Rhabditidae species re- 
semble specific ray mutations in C. elegans males, 
and comparative studies of the genetic regulation 
of male tail development across species should be 
informative of evolutionary mechanisms. 

17.4 

Outlook 

while the investigation of morphogenesis in C. 
elegans, both embryonic and postembryonic, is 
only beginning, it is becoming an increasingly ac- 
tive area of interest. At present, we have only 
pieces of a complicated puzzle. What will be re- 
quired for a real understanding of the processes 
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that link cell fate specification to the realization of 
final form is an identification of at least the major 
pathways involved in putting together any one of 
the systems of a complete organism, through 
identification of the genes involved, of their regu- 
latory interactions, and of the final target genes. 

In the aspects of C. elegans morphogenesis dis- 
cussed, as well as others not touched on, the muta- 
tional identification of genes involved in forming 
specific systems is being actively pursued. A com- 
plementary and increasingly powerful technique 
is to identify genes in the C. elegans sequence data- 
base that function in pathways suggested either by 
existing mutations or by homologies in other 
organisms, and then to test their involvement by 
blocking function with RNA interference. Recently 
developed screening techniques for differential dis- 
play of wild-type vs. mutant cDNA patterns, and for 
identifying protein-protein or nucleic acid-protein 
interactions in yeast promise to be valuable in iden- 
tifying target genes of transcription factors operat- 
ing in morphogenetic processes. More sophisti- 
cated analysis at the cell biology level, especially 
important for these interlocking systems of mor- 
phogenesis, is increasingly possible in C. elegans 
due to advances in computer-assisted microscopic 
4 D recording/analysis and a constantly growing re- 
pertoire of antibodies and GFP constructs as mar- 
kers for the investigation of expression patterns 
and genetic interaction. 

In specific areas, the study of gastrulation and 
early patterning interactions should lead to better 
understanding of the transition from maternal to 
embryonic control, and address questions relating 
to the control of early spindle orientation, the sig- 
nalling pathways between cells, and the structural 
mechanisms of cell interaction and cell move- 
ment. As the C. elegans Hox genes are more fully 
characterized, it seems likely that the determina- 
tion of their functions and interactions in a cellu- 
lar embryo, and particularly their downstream 
targets, will provide information relevant to both 
the conservation and the modifications of func- 
tional pathways throughout the animal kingdom. 
With respect to hypodermal morphogenesis, mu- 
tational analyses of dorsal intercalation and ven- 
tral enclosure offer the prospect of understanding 
the genes initiating and regulating cell move- 
ments and cell recognition in this tissue. A ques- 



tion of interest is whether the same pathways are 
operating in the cell movements of gastrulation, 
of early cell patterning, and of postembryonic or- 
gan morphogenesis. How widespread are the reg- 
ulatory and effector pathways utilized in similar 
processes? 

Although the rapid reshaping of the embryo 
during elongation requires the correct assembly 
of hypodermis, muscle, extracellular membranes 
(ECM), and the specialized junctions connecting 
them, not all of the players in these processes 
have been identified. The initiation and regulation 
of signalling, and the functional roles of ECM 
components such as SPARC, nidogen, metallopro- 
teinases (in vertebrates involved in turnover and 
remodelling of ECM during various morphoge- 
netic processes), and cell-surface ligands, primar- 
ily integrins, predicted by the genome sequence 
remain areas for investigation. 

Continued investigation of how an organ iden- 
tity is established early for the pharyngeal com- 
ponents, and the details of what appears to be a 
regulatory framework common to the entire di- 
gestive system, may describe how complex organs 
within one particular system are assembled once 
cell fate is specified. 

The postembryonic development of the sexual 
structures offers a very accessible area for the 
study of some aspects of morphogenesis, and sev- 
eral laboratories are actively beginning to investi- 
gate morphogenesis of the hermaphrodite uterus 
and vulva, and of male-specific structures. Identi- 
fication of more of the genes playing regulatory 
or signalling roles in these processes, and their 
target genes, should better the understanding of 
Hox gene interactions, signalling pathways, and 
cellular interactions thus far revealed in these 
studies. Since many of these genes are also in- 
volved in embryogenesis, study of the postem- 
bryonic morphogenesis may also aid the under- 
standing of similar processes in embryogenesis. 

17,5 

Summary 

In C. elegans, the embryonic morphogenetic pro- 
cesses of gastrulation, hypodermal and muscle 
formation, embryonic elongation, and develop- 
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ment of the digestive system are well described at 
the cellular level. Although genetic programming 
of these processes is still generally at an early 
phase of study, some fraction of the genes in- 
volved in a number of distinct embryonic and 
postembryonic morphogenetic processes has been 
identified and molecularly characterized, enabling 
us to see what sorts of gene regulation pathways 
are involved in forming diverse tissues and or- 
gans. As might be expected, these genes include 
signalling system components, transcription fac- 
tors, regulatory proteins, structural proteins of 
the cytoskeleton and basement membranes, and 
tissue-specific differentiation proteins. 

Six maternal- effect genes required for initiation 
of gastrulation have been identified: gad-1 en- 
codes a possible participant in a G-protein signal- 
ling pathway, vab-ly a cell-surface ephrin-receptor, 
and the Hox caudal homologue pal-1 have been 
identified as participants in the late gastrulation 
process of ventral cleft closure. 

Hox genes appear to play morphogenetic roles 
both in early regional patterning, and in terminal 
levels of fate specification and tissue-specific dif- 
ferentiation. Where best analyzed (in mab-S), Hox 
gene expression is lineage-based rather than 
strictly regional as in the Drosophila embryo, ap- 
pears in subsets of a number of lineages, and is 
regulated in a temporally dynamic fashion. Spatial 
expression patterns of C. elegans Hox genes re- 
semble the regional patterns of their Drosophila: 
homologues: pal-1, mab-5, and vab-7, homologues 
of caudal, AbdB, and even-skipped, affect poster- 
ior morphogenesis, while ceh-13, the labial homo- 
logue, affects the head. 

Hypodermal morphogenesis and elongation are 
presently the most characterized aspects of mor- 
phogenesis. Hypodermal cells, generated on the 
dorsal side of the embryo, enclose the embryo by 
elongating and moving ventrally, utilizing cyto- 
plasmic actin filament-based mechanisms. Genes 
identified thus far as playing roles in ventral hy- 
podermal closure include the transcription factor 
pal-1, and the ephrin and ephrin receptor- tyro- 
sine kinase genes vab-2 and vab-1. The dramatic 
elongation of the embryo in mid-embryogenesis 
is also actin-based, due to contraction of oriented 
cellular microfilaments in the hypodermal cells. 
Structural components of adherens junctions con- 



necting the microfilaments to the cell margins are 
mutationally identified as required for elongation. 
The regulation of the actin contraction involves a 
Rho-binding ser/thr kinase and a phosphatase 
regulatory subunit. Hypodermal elongation also 
requires correct muscle morphogenesis and con- 
nection of the hypodermis and muscle cells 
through the basement membrane, as evidenced by 
observations that mutations in structural compo- 
nents of muscle, basement membrane, and extra- 
cellular membrane-hypodermal junctions all re- 
sult in failure of the embryo to elongate. 

The expression patterns and mutant pheno- 
types of two genes affecting pharyngeal morpho- 
genesis indicate that this organ, which arises from 
diverse lineages and includes multiple specialized 
cell types, acquires an “organ identity” early in 
embryogenesis. The digestive system as a whole 
may also have an overall identity and set of regu- 
latory controls, suggested by analysis of a GATA- 
binding transcription factor that regulates gut 
gene expression positively while repressing phar- 
yngeal expression. 

Postembryonic morphogenesis of the adult sex- 
ual structures provides accessible systems that 
may also form good models for embryonic mor- 
phogenesis. Although the investigation of mor- 
phogenesis in C. elegans is in its early stages, rap- 
id progress is to be expected. 
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18 The Regulation of Cell and Growth Cone Migrations 
During the Development of Caenorhabditis elegans 

William G. Wadsworth 



18.1 

Introduction 



Early in the formation of a nervous system, a 
stereotypical pattern of axon tracts is established. 
In bilaterally symmetric animals, the tracts are 
positioned longitudinally and circumferentially 
with the left and right sides of the system con- 
nected by axons that cross the midline. The pat- 
tern develops as the first axonal growth cones mi- 
grate across the basal surface of the ectoderm to 
pioneer pathways between groups of cells. The 
pioneering axons are guided by molecular cues in 
the surrounding environment. Later, growth cones 
may be guided by the same cues or by new ones 
produced by the pioneer axons. 

This chapter reviews three major elements that 
determine nervous system development in the 
model organism, C. elegans. First, an arrangement 
of cues provides directional information to guide 
cells and axonal growth cones along stereotypical 
pathways. Second, the choice of direction, sub- 
strate, and motility are determined by the migrat- 
ing cells’ surface receptors, signal transduction 
pathways, and cytoskeletal adaptors. Third, migra- 
tions are controlled on the whole by genetic pro- 
grams that coordinate the development of the ani- 
mal. Examples of genes involved in each of these 
processes are presented. More information about 
these genes and others involved in various C. ele- 
gans nervous system functions are given in recent 
reviews. Finally, an important aspect of C. elegans 
neurodevelopment is that the various neuronal 
cell types arise from committed cell lineages. 
Many of the transcriptional factors involved in 
this aspect of nervous system patterning have 
been uncovered but are not reviewed in this chap- 
ter. 



18.1.1 

Caenorhabditis elegans as a Model 
for Nervous System Development 

The nematode, Caenorhabditis elegans, is a valu- 
able model organism for describing nervous sys- 
tem development and analyzing the genes in- 
volved. All cell births and migrations that give 
rise to the nervous system have been traced from 
zygote to adult. As C. elegans is a transparent ani- 
mal, the cell lineage can be observed using No- 
marski microscopy, and this allows for the precise 
identification of individual cells and their rela- 
tionships to one another. In addition, the anato- 
my of the entire nervous system has been de- 
scribed using electron micrographs of serially 
sectioned individual animals. Most of the 302 
neurons in the adult hermaphrodite animal have 
a simple morphology, having one or two un- 
branched processes. The comparison of micro- 
graphs from different individuals suggests that 
the pattern of chemical synapses, gap junctions, 
and neuromuscular junctions are quite similar. 
For the most part, the spatial order of individual 
axons within the axon tracts is reproduced be- 
tween animals. 

The ability to isolate mutants and molecularly 
analyze genes is a major advantage of using C. 
elegans as an experimental organism. Because of 
the comprehensive descriptions of anatomy, cell 
division patterns, and cell fates, an unparalleled 
analysis of the phenotypes associated with a neu- 
rodevelopment mutant can be undertaken. Many 
mutations that affect the nervous system have al- 
ready been identified through extensive genetic 
screens. Moreover, since the complete sequence of 
the C. elegans genome is known, the homologues 
of vertebrate genes that are suspected to function 
in neurodevelopment can be identified and selec- 
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lively disrupted. The mutants can then be used to 
investigate the in vivo biological functions of the 
gene. 

In conjunction with phenotypic analyses of 
mutants, expression patterns for cloned genes can 
be determined by a variety of techniques. One of 
the most powerful techniques is to construct fu- 
sions between a gene promoter and the green 
florescent protein (GFP). GFP, when expressed by 
transgenic animals, will fluoresce in the live ani- 
mals, allowing promoter-specific spatial and tem- 
poral expression patterns to be determined. 
Furthermore, established transgenic strains that 
express GFP in specific neurons provide useful 
markers for functional studies since the transgene 
can be crossed into wild-type or mutant back- 
grounds to visualize and compare single or select 
groups of neurons by fluorescence microscopy. 
GFP can also be used as a protein tag to observe 
protein distribution in vivo. The transgene that 
expresses the tagged protein is often used to res- 
cue the phenotypes of a null allele of the chromo- 
somal gene to show that the tagged protein re- 
tains biological activity and that the expression 
pattern is relevant. 



Neurogenesis 

The developing nervous system comprises two 
cell types, neuroglia and neuroblasts. The neuro- 
glia cells support the neuroblasts and provide the 
environment for neuroblast and axonal growth 
cone migrations. Towards the end of gastrulation, 
during nematode neurulation, the neural ectoder- 
mal cells ingress into the interior of the embryo 
while epidermal cells slide over the neuroblasts to 
enclose the embryo. The vab-1 gene, which en- 
codes a Eph receptor tyrosine kinase, is expressed 
by the neuroblasts during enclosure. Mutations of 
vab-1 cause defects in the movement of neuro- 
blasts during gastrulation and in the movements 
of the epidermal cells during the ventral enclo- 
sure, indicating the importance of direct cell-cell 
interactions between different cell types. After 
enclosure, the neural ectodermal cells divide to 
form neuroblasts, while the epidermal cells, in ad- 
dition to being the surface covering of the animal. 



also function as neuroglia, for their basolateral 
surface serves as the pathways for neural migra- 
tions. The epidermal cells are arranged in longitu- 
dinal rows along the body and in distinctive ar- 
rangements at the head and tail of the animal, 
where additional cells also form the openings to 
internal epithelia and sensilla. 

18.2.1 

Neuroglia and Basement Membrane Formation 

The environment where axons and cells migrate 
during the development of the nervous system 
comprises the epidermis and basement mem- 
branes. Shortly after neurulation, pioneering 
growth cones lay down a simple scaffold of axon 
tracts on the basal surface of the epidermis. The 
nematode epidermal cells support and form the 
pathways for cell and axon migrations (Fig. 1). 
There are 55 major epidermal cells in the embryo 
and the longitudinally migrating growth cones 
traverse fewer than ten, while circumferential mi- 
grations cross two or three of the epidermal cells. 
Migrating axons are positioned between the epi- 
dermal cell membrane and the basement mem- 
branes, whereas mesodermal cells migrate on the 
other side of the basement membrane and do not 
directly contact the epidermal cells. 

Several genes are required to guide both axonal 
growth cones and mesodermal cell migrations, 
suggesting that basement membranes play a key 
role in the development of the nervous system. 
Basement membranes are extracellular matrices 
that first appear at gastrulation to separate the 
primary tissues. From studies in a number of dif- 
ferent experimental systems, the matrices are ul- 
trastructurally a framework of laminins, type IV 
collagens, and entactin/nidogen. Other compo- 
nents such as perlecan, bamacan, SPARC, and the 
fibulins attach to this scaffold. By incorporating 
different laminin and collagen isoforms, the com- 
position of membranes can vary both develop- 
mentally and topographically. 

The homologues of the major constituents of 
vertebrate basement membranes have been identi- 
fied in C. elegans. Of these, type IV collagen, per- 
lecan, and SPARC have been described. Two 
genes, emb-9 and let-2y encode type IV collagen 
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Fig* L The axon scaffold and larval body wall of Caeno- 
rhabditis eie^ans. The nerves generally are longitudinal or 
circumferential bundles- The nerve ring^ comprising motor- 
neurons > interneurons, and sensory neurons, and the ven- 
tral nerve cord, comprising two axon tracts that flank the 
ventral midline, are the major neuropils. The transverse 
section shows a lateral neuron that extends a circumferen- 



tial axon to the ventral cord and a ventral neuron that ex- 
tends a circumferential axon to the dorsal nerve cord. Body 
wall muscles extend arms to the adjacent nerves to form 
neuromuscular junctions. The gonad and intestine fill the 
body cavity. Basement membranes separate the tissues 
from one another and from the body cavity 



and are required for viability and fertility Strong 
alleles of these genes cause arrest at the twofold 
stage of embryo genesis with loss of epidermal in- 
tegrity and disorganization of body wall muscles. 
The collagen chains colocalize in all basement 
membranes except those between the body wall 
muscles and pseudocoelomic cavity and between 
the lateral epidermis and pseudocoelomic cavity 
Since both genes appear to be expressed only by 
the body wall muscles and some somatic gonad 
cellSj the type IV collagen may be selectively 
sorted into basement membranes, perhaps by cell 
surface-associated proteins. 

In C, elegans^ there are four laminin chain 
genes, two one and one y. Since laminin 
comprises three chains, an and y there is a 
possibility of two heterotrim eric laminin isoforms 
in the nematode. Phenotypic analyses of muta- 
tions in one of the a genes, epi-I, and in the (i 
genej lam-ly indicate defects in a variety of devel- 
opmental processes including axon and mesoder- 
mal cell migrations. These genes are expressed in 
endodermal and mesodermal cells during gastru- 
iation and later only in certain mesodermal cells. 



including the body wall muscles. The EPl-1 pro- 
tein begins to accumulate between the germ layers 
during gastrulation* Shortly before neurulation, 
EPI-1 is especially prominent at the basal surface 
of the epidermal cells before they slide ventrally 
over the neuroblasts to enclose the embryo. One 
of the major functions of laminin and the form- 
ing basement membranes is to separate the major 
tissues, thereby establishing a new environment 
for cell-cell communications and preventing direct 
adhesions between cells of different tissues. 

Coinciding with the extracellular deposition of 
laminin, the epidermal cells express UNC-6 as 
they move to enclose the ventral surface of the 
gastrula, UNC-6 is a protein that is required for 
the guidance of pioneer axons and migrating cells 
along the body wall. At this time, UNC-6 may 
establish a stable global guidance cue through its 
interaction with the basement membrane net- 
work. Although such interactions have not yet 
been described biochemically evidence suggests 
that UNC-6 is incorporated, first, UNC-6 expres- 
sion by the epidermal cells is capable of influenc- 
ing migrations that are distant from the source 



302 W. G. Wadsworth 



cells well after expression stops, suggesting that 
the secreted protein is substrate-bound. Second, 
unc-6 mutations disrupt both axonal and meso- 
dermal cell migrations, in fact, some mutations 
selectively disrupt only one type of migration. 
The basement membrane is the only substrate 
that axons and migrating mesodermal cells have 
in common. Finally, the unc-6 sequence predicts a 
laminin-related protein, the N-terminus is homo- 
logous to the N- termini of the laminin subunits, 
while the C terminus is unique to the family. It is 
possible that UNC-6 interacts with extracellular 
matrix components in the same manner as the la- 
minins. 



18.2.2 

Development of the Axon Scaffold^ 

The formation of the embryonic scaffold is a dy- 
namic sequence of spatially and temporally regu- 
lated events. The two principal components of the 
nervous system, the longitudinal ventral nerve 
cord and the circumferential nerve ring (Fig. 1), 
are instituted early. In the embryo, the ventral 
nerve cord comprises a row of motorneurons at 
the ventral midline and small ganglia situated at 
the anterior and posterior ends. From these neu- 
rons, two axon tracts develop that flank the ventral 
midline. The early development of the ventral nerve 
cord has been described using serial electron mi- 
croscopy reconstructions. In brief, neurons posi- 
tioned at either end extend longitudinally to pio- 
neer the two cord tracts. Embryonic motorneuron 
axons extend dorsally after the initial longitudinal 
migration and will, upon reaching the dorsal mid- 
line, establish the dorsal nerve. At the anterior and 
posterior ganglia of the cord, axons enter the cord 
and are sorted. There, some axons cross the mid- 
line (decussate) to travel in the contralateral tract, 
while others do not decussate and instead fascicu- 
late and travel in the ipsilateral tract. Following 
the pioneers, the axons of various sensory and in- 
terneurons enter the ventral nerve cord via the 
nerve ring and commissures. 

The nerve ring is a bundle of approximately 
100 axons that encircles the outside of the phar- 
ynx (Fig. 1). The more or less symmetrical neuro- 
pil is derived from motorneurons, interneurons. 



and sensory neurons of the head. The axons enter 
at stereotypic locations and are arranged in a de- 
fined pattern within the ring. Compared to ven- 
tral nerve cord development, less is known about 
the developing nerve ring. One reason is that as 
the various tissues of the head form, many of the 
cells rapidly undergo positional and shape rear- 
rangements. For example, muscle cells of the head 
are first positioned where the ring will form and 
then, as the early axon tracts form, migrate per- 
ipherally leaving behind their muscle arms. Other 
cells important for nerve ring formation are not 
associated with it at later stages. The sheath cells, 
which resemble chordate radial glia, may provide 
support and guidance cues during early nerve 
ring formation. The sheaths are specialized cells 
that have sheet-like processes that could form the 
substratum for the early ring axons. The identity 
of pioneering axons of the nerve ring is not yet 
known. 

After the initial tracts of the nerve ring and 
ventral nerve cord are formed, neurons from the 
head and tail ganglia extend longitudinal axons to 
form several smaller lateral axon tracts. In addi- 
tion, several post-mitotic neurons or neuronal 
precursors undergo long, longitudinal migrations 
to specific positions along the lateral body wall 
and then extend processes. Unlike other neurons, 
which are derived from the ventral ectoderm, in- 
cluding the ventral epidermis, these cells are de- 
rived from the lateral epidermis. Based on the tis- 
sue from which they are derived and their behav- 
ior, these long-range migrating cells are analo- 
gous to the migrating neural crest cells that form 
the peripheral nervous system in vertebrates. 



18.3 

Guidance Cues Provide Directional 
Information 

The construction of the embryonic axon scaffold 
requires neuronal cell bodies to be positioned, 
nerve tracts pioneered, and axons sorted into spa- 
tially ordered bundles within the major neuropils. 
These movements are directed by extracellular 
guidance cues like UNC-6. In unc-6 mutants, dor- 
sal and ventral migrations of pioneer axons and 
mesodermal cells are disrupted. Importantly, the 
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mutations do not affect cell motility per se and 
the growth cones and cells wander across the 
body wall. Furthermore, the direction- and tissue- 
specific guidance activities are genetically separ- 
able, and are mediated by distinct structural do- 
mains of the molecule. UNC-6 is a member of the 
phylogenetically conserved netrin family and the 
vertebrate netrins have been shown to have che- 
moattractant and chemorepellent activities for de- 
veloping axons in the embryonic nervous system. 



18.3.1 

The Model of Hierarchical Guidance Cues 

The expression pattern of the UNC-6 guidance 
cue reflects the complexities involved in pioneer- 
ing new tracts and connecting the various tracts 
together in the proper order. Expressed in a 
changing pattern by both neuroglia and pioneer 
neurons, UNC-6 provides global and labeled-path- 
way cues depending on the cell type in which it is 
expressed, its location, and the developmental 
stage of the animal. UNC-6 also influences axon 
decussation (crossing-over) at the ventral midline. 
A hierarchical model has been developed based 
on the UNC-6 expression pattern, mutant pheno- 
types, and the lineage relationships and architec- 
ture of the nervous system. According to this 
model, the UNC-6 cue that arises from the ventral 
epidermal cells and their descendants creates a 
stable global cue peaking near the ventral midline 
of the body wall. This cue is attractive (ventral 
migrations) and repulsive (dorsal migrations) for 
circumferential migrations along the epidermis in 
the midbody region. As the scaffold develops, a 
few special neurons and sheath cells express sup- 
plementary UNC-6 to create cues that are more 
locally restricted within the general global pat- 
tern. This expression changes the local distribu- 
tion of UNC-6 and allows new axon migration 
patterns to develop. While the global and more 
regional UNC-6 cues may interact with basement 
membranes, other molecules may tether UNC-6 at 
specific cell surfaces, such as at the sheath cells in 
the head, to form labeled pathways. It is proposed 
that hierarchical arrangements of guidance cues 
allow the more complex architectures of nervous 
tissue to develop. 



18.3.2 

Axon Scaffold Development Requires 
Multiple Guidance Cues^ 

Although C. elegans has a relatively simple ner- 
vous system, multiple guidance cues and recep- 
tors must act in concert to direct the stereotyped 
axon migrations. However, only a few of the mo- 
lecular components needed to build the axon scaf- 
fold are known. For example, the guidance cues 
responsible for directing anteroposterior migra- 
tions are not known. Moreover, it is not known 
what cues specify the different positions where 
nerves form along each axis of the animal or 
what cues negotiate the connections between neu- 
rons and muscles. 

In general, axonal growth cones respond to a 
variety of mechanisms that can be permissive and 
attractive, as well as inhibitory or repulsive. Migrat- 
ing axons may be subjected to several of these ef- 
fects, sometimes in sequence, during develop- 
ment. At each stage of a migration, an axon may 
assess the combined signals to determine a direc- 
tional response. In a combinatorial model, guid- 
ance cues could function together as antagonists 
or collaborators. The migrations of the HSN and 
SDQR axons are two of the cases where experimen- 
tal data supports the hypothesis that multiple cues 
are required for the guidance of a single axon. 

The two HSN cell bodies are positioned later- 
ally on each side of the animal. In the larva, the 
HSN axons extend ventrally to the ventral nerve 
cord and then anteriorly to the nerve ring. A few 
short branches project off the main process in the 
vicinity of the vulva and innervations are made 
with the vulval muscles. This pattern suggests 
that different cues direct the migrations ventrally 
to the cord, direct the migrations anteriorly along 
the cord, and direct connections to the vulva 
muscles. Consistent with this idea, genetic and la- 
ser ablation studies indicate that at least two dif- 
ferent cell types are required for the migration, 
certain axons of the ventral cord and the special- 
ized vulva epithelial cells at the ventral midline. 

The SDQR axon migrations illustrate the intri- 
cacies that may be involved in migration guid- 
ance. While in wild-type larva the SDQR axon mi- 
grates dorsally away from UNC-6 sources, in unc- 
6 null mutants the axon migrates to the ventral 
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Fig. 2, Elements that contribute to the regulation of cell 
and axon migrations. Temporally^ and spatially regulated 
patterns of guidance cues provide directional information. 
On the surface of migrating cells, receptors act through sig- 
naling pathways and cytoskeletal adaptors to mediate the 



nerve cord. This contrasts with the wandering 
phenotypes of other axons in unc-6 null mutants 
and it suggests that SDQR also responds to ven- 
tral-directing guidance cues. By ectopically ex- 
pressing UKC-6 dorsal to SDQR in unc-6 null lar- 
vaj the SDQR axon can be attracted towards the 
UNC-6 source. One explanation for why SDQR 
axons are repelled from ventral UNC-6 sources in 
wild-type larva but can be attracted towards a 
dorsal ectopic source in the unc-6 null larva, is 
that UNC-6 and other cues are simultaneously in- 
terpreted by SDQR. The mix of cues, which is al- 
tered when UNC-6 is ectopically expressed, affects 
how UNC-6 is interpreted by the cell and causes a 
change in the attractive or repulsive response. 

18*4 

Receptors, Signaling Pathways, 
and Cytoskeletal Adaptors 
Direct Cellular Responses 

In order to form the axon scaffold, guidance cues 
must be properly displayed and they must be in- 
tegrated and interpreted by competent neurons. 
Ultimately, the signals mediated by the receptors 
modify the cytoskeletal architecture to cause di- 
rected movement (Fig. 2). A major goal is to un- 
derstand the molecular mechanisms that deter- 
mine how guidance cues carry out their signaling 
functions. The analysis of mutants in C elegans 
has contributed to our understanding and a few 
examples of phylogenetically conserved proteins 



choice of direction, substrate, and motility. Environmental 
signals from the substrata or as hormones and growth fac- 
tors regulate developmental programs via transcription fac- 
tors and may directly influence the mig rational machinery 



that are required for migrations in C. elegans are 
presented in Table 1 and are discussed below. 

18A1 

Receptors Mediate Pathway Selection^ 

The choice of pathway substrates and the direc- 
tion of migration are determined by cell surface 
receptors. Two receptors are known that mediate 
responses to UNC-6. UNC-5 is a receptor of im- 
munoglobulin superfamily, is expressed in motile 
cellSj and is required for dorsal migrations in the 
presence of UNC-6. The other receptor is UNC-40 
which is also a member of the immunoglobulin 
superfamily. The vertebrate homologues of UNC-5 
and UNC-40 have also been implicated as recep- 
tors for vertebrate netrin. UNC-40 may have sev- 
eral signaling roles in the animal as it is ex- 
pressed in a variety of cells and its expression is 
detected well before UNC-6 expression. In neu- 
rons, UNC-40 helps regulate neuronal responses 
to UNC-6. For example, in some neurons both 
UNC-40 and UNC-5 mediate a dorsal migration. 
It is thought that UNC-40 moderates UNC-5 ac- 
tivity and that the receptors are part of a hetero- 
meric receptor complex. UNC-40 also helps medi- 
ate ventral migrationsj probably in combination 
with other receptors. One of the most important 
questions is how the activation of UNC-5 and 
UNC-40 causes cytoskeleton orientation to gener- 
ate directed movements. 
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Table L Examples of phylogenetically conserved proteins in C elegans ceU and growth cone migrations 



C eie^ans 
1 protein 


Homologues 


Comments 


Substrate molecules 




m-i 


a- Laminin 


Extracellular matrix component 


Extracellular 


signaling molecules 




EGL47 


EGE 


Fibroblast growth factor family 


EGI.-20 


Wnt 


Wnt/wingless signaling pathway member 


UNC-6 


Netrin 


Chemoattractant and chemorepellent activities, laminin-like domains 


UNC-129 


TG 


Transforming growth factor’/f 


Transmembrane receptors 




EGL-15 


EGER 


Fibroblast growth factor receptor, immunoglobulin and tyrosine kinase domains 


INA-l 


f/integrin 


Involved in cell adhesion ana signal transduction 


UN-17 


Frizzled 


Wingless receptor, seven transmembrane domains 


SAX-3 


Robo 


Immunoglobuhn and fibronectin type III domains 


UNC-5 


rcm/unc5 h- 


Netrin receptor, immunoglobulin and thrombospondin type I domains 


UNC-40 


Frazzled/DCC 


Netrin receptor, immunoglobulin and fibronectin type HI domains 


Intracellular 


signaling pathways and 


cytoskeletal adaptor molecules 


MlG-2 


Rho GTPase 


Involved in cytoskeletal actin dynamics 


MlG-5 


Dishevelled 


Wnt/wingless signaling pathway member 


SEM-5 


Grb2 


ras pathway, SH2 and $H3 domains 


UNC-33 


CRMP-62/ 

TOAD-64/Ulip 


Receptor/ vesicle transport pathway 


UNC-44 


Ankyrin 


Couples proteins to cy to skeleton, spectrin -binding domain 


UNC-5 1 


ULKl 


Serine/ threonine kinase domain 


UNC-73 


Trio/kalirin 


Activates Rho family GTPases, involved in cytoskeletal actin dynamics 


UNC-76 


FEZ 


No defined structural or functional motifs 


UNC-M5 


abLlM/limatin 


LIM and actin-binding domains 



SAX-3 is another transmembrane protein in- 
volved in guiding axon migrations* The 
gene is required for the organization of the axons 
within the ventral nerve cord and for the guid- 
ance of some axons to the cord. The predicted 
SAX-3 transmembrane protein has immunoglobu- 
lin and fibronectin type III domains and is simi- 
lar to Drosophila Robo, It is expressed in many 
cells, including developing neurons, where it may 
function as a receptor to mediate cell or celhsub- 
strate interactions. One phenotype of sax-3 and 
robo mutants is abnormal axon crossing of the 
ventral midline, suggesting that SAX-3 mediates 
interactions with ventral cells or extracellular li- 
gands to keep axons on either side of the midline* 
In addition to this role> SAX-3 also appears to act 
in concert with UNC-6 and UNC-40 to guide ven- 
tral migrations. 



T8A2 

Cefl-Substrate Interactions Regulate Adhesive 
Properties^® 

Migrating cells and axons interact with many ex- 
tracellular molecules in their immediate environ- 
ment. As an axon or cell migrates it must selec- 
tively adhere and respond to the surfaces of other 
cells or to basement membranes* Integrins are 
heterodimeric cell surface receptors that mediate 
cell adhesion and signal transduction. The C* ele- 
gans INA-1 a integrin subunit is required for 
proper morphogenesis of several tissues. In the 
nervous system^ INA-1 is expressed in many ceUs, 
including neurons, that migrate* In ina-1 mutants 
these cell migrations are disrupted and axons 
show defective fasciculation but normal out- 
growth and guidance. 

Mig-10 is another example of a protein thought 
to be involved in cell-substrate interactions* Muta- 
tions in the mig-10 gene cause defects in neuronal 
cell migrations as well as development of the ex- 
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cretory canal cell. Genetic mosaic analysis indi- 
cates that mig-10 acts cell-non-automonously, in 
the cells along the migration pathway or in target 
cells. The MIG- 10 proteins have similarity to 
mammalian Grb7 and GrblO, proteins thought to 
function in signal transduction. Together, these 
results suggest that MIG- 10 regulates production 
of cell surface or extracellular matrix molecules 
required for interactions with migrating neuronal 
cells. Similarly, mutations in other genes, such as 
the epi-1 laminin gene, cause axon migration de- 
fects, presumably because the spatial organization 
of the guidance cues or the integrity of the sub- 
strata are disrupted. 

Finally, as axons join a developing nerve they 
contact the axons already there. It has been 
shown in other organisms that early migrating 
axons express surface proteins that are recognized 
by receptors on later migrating axons. This recog- 
nition allows axons to selectively adhere and form 
defined axon bundles. Selective fasciculation may 
be critical for wiring the C. elegans nervous sys- 
tem because most synapses are made en passant 
between neighboring axons. Genes that play a 
role in the selective fasciculation of the C. elegans 
ventral nerve cord have been uncovered. Some of 
these genes, such as unc-30, encode transcription 
factors which may regulate the expression of rec- 
ognition molecules in specific subsets of neurons. 

18.4.3 

The Cytoskeleton Is Coupled 
to Signal Transduction Pathways 

Interactions between neuronal cells and their im- 
mediate environment help determine whether ax- 
onal extension takes place. If the conditions are 
met, the cell’s molecular machinery is organized 
and axon extensions are advanced in response to 
guidance cues. Genes that are involved in this 
process encode a diverse group of cytoplasmic 
proteins that act to transduce signals or serve as 
structural links to the cytoskeletal machinery. 
Mutations in these genes disrupt and reveal some 
of the major events that occur during cell and 
axon migrations. 

First, extracellular signals can regulate the out- 
growth of axons. Conceivably, the decision by a 



neuron to extend an axon could be cell autono- 
mous, for example, based on an intracellular 
clock. However, many extensions appear to be 
contingent on extracellular signals. For example, 
in unc-76 mutants axon elongation within axon 
tracts is defective and the nerve cords split into 
multiple bundles. It is thought that unc-76 dis- 
rupts signals that regulate axon extension within 
nerve tracts and that these signals depend on 
proper fasciculation. From the predicted structur- 
al motifs of UNC-76 and its human homologues, 
the protein could be involved in maintaining ad- 
hesion between axons or it could act directly in 
the signal transduction event. 

Second, the transportation and organization of 
membrane components into the growing axon is 
regulated. Mutations that disrupt these activities 
cause the accumulation of abnormal membranous 
vesicles and cisternae in axons. These defects are 
observed in mutants that have defective axon ex- 
tensions, such as unc-14 and unc-51. UNC-51 is a 
serine/threonine protein kinase and UNC-14 is 
novel. These genes are coexpressed in most neu- 
rons and in vitro binding studies suggest that 
UNC-14 interacts directly with UNC-51. These ob- 
servations suggest that UNC-51 may phosphory- 
late a protein required for extending the cellular 
membranes during migrations, while UNC-14 reg- 
ulates UNC-51 activity. 

Third, receptor complexes are assembled and 
coupled to the machinery that controls actin cyto- 
skeleton dynamics. Mutations that affect these 
processes, such as unc-33 and unc-44, disrupt 
axon migrations throughout the nervous system. 
In unc-44 mutations, general axon guidance and 
fasciculation are disrupted. This gene encodes for 
multiple isoforms of ankyrin, a spectrin-binding 
protein that may act as a cytoskeletal adaptor 
molecule to couple membrane proteins to the 
actin framework of the cytoskeleton. The unc-44 
gene has been identified as a suppressor of ectop- 
ic unc-5-medmted axon guidance, suggesting that 
ankyrin could link this guidance receptor directly 
to the cytoskeleton to promote local actin cyto- 
skeleton rearrangements during directed growth 
cone extensions. In unc-33 mutants, axon migra- 
tions are disrupted and neurons have elevated 
numbers of microtubules with abnormal protofi- 
lament arrangements. In vertebrates, unc-33 -like 
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homologues have been implicated as part of the 
signal transduction pathways that couples guid- 
ance cue receptors to microtubule-based neuronal 
vesicle transport. Together, these observations 
suggest that the signals elicited by guidance cues 
can directly regulate aspects of neuronal vesicle 
transport. 

The Rho family of GTPases are thought to reg- 
ulate actin-dependent processes and are candi- 
dates for regulating cytoskeleton changes during 
cell movements. Several members of this family 
have been identified in C. elegans and function- 
ally they are redundant. Mutations in one mem- 
ber of the family, mig-2^ acts cell autonomously to 
cause misguided axon growth, indicating that this 
GTPase has a role in coupling the signals elicited 
by guidance cues to the process of axon exten- 
sion. The GTPase activities of the various mem- 
bers of the family are temporally and spatially 
regulated during development. Guanine nucleotide 
exchange factors, GTPase-activating proteins, and 
guanine nucleotide dissociation inhibitors are 
candidate proteins that could influence the activ- 
ities of GTPases. UNC-73 has been shown to acti- 
vate Rho family GTPases and stimulate actin po- 
lymerization. Mutations in unc-73 cause a variety 
of axon guidance and cell motility defects, provid- 
ing evidence that these types of proteins can play 
a role in regulating actin dynamics during cell 
and axon migrations. 

Finally, specific properties are provided at the 
axon growth cone in order to produce new exten- 
sions and retractions of filipodia in response to 
particular guidance events. UNC-115 has been im- 
plicated in regulating actin cytoskeleton dynamics 
in response to new guidance decisions. This pro- 
tein is predicted to have domains that mediate ac- 
tin-binding and protein-protein interactions. Mu- 
tations in unc-115 affect the guidance of a subset 
of axons, particularly when the axons enter differ- 
ent environments during their migrations. A sec- 
ond example of a protein that allows growth 
cones to respond to a particular situation is VAB- 
8. Of the genes required specifically for longitu- 
dinal migrations, vab-8 is the only one that ap- 
pears to act in cells and growth cones that mi- 
grate in a specific direction. VAB-8 is a novel in- 
tracellular protein with a domain that is similar 
to kinesin-like motors and it acts cell autono- 



mously during posterior migrations. It is sus- 
pected that VAB-8 functions by transducing the 
signals only from the receptors that mediate pos- 
terior migrations, or by helping to localize or ac- 
tivate these receptors. These receptors and their 
ligands have not been identified. 

18.5 

Extracellular Signals Coordinate Nervous Tissue 
Formation and Migrations'^ 

Developmental events throughout the animal must 
be coordinated. For example, in the developing 
nervous system, cell and axon migrations must be 
coordinated with the development of supporting 
and target cells. Several families of secreted sig- 
naling proteins are known to regulate develop- 
mental programs controlling cell divisions, differ- 
entiation, and cell death. Increasingly, members 
of these families are also implicated in directly 
regulating cell and axon migrations. This suggests 
that signal transduction pathways involved in 
mediating different developmental programs are 
interwoven with those controlling the migrational 
properties of the cells (Fig. 2). In fact, it is con- 
ceivable that mutations that inappropriately modi- 
fy one signaling pathway could affect how a cell 
responds to signals associated with other path- 
ways. 

The wingless/wntl and related genes encode 
secreted proteins that regulate cell proliferation, 
cell fate determination and cell polarity. In C. ele- 
ganSy egl-20y mig-ly lin-17y and mig-5y genes that 
encode members of a wingless signal-transduc- 
tion pathway, regulate several different develop- 
mental events, including neuronal cell migrations. 
One of the events controlled by these genes is the 
migration of the QL neuroblast, a cell that ac- 
tively migrates along the anteroposterior axis of 
the body wall before dividing to generate differen- 
tiated neurons. These genes are required for the 
expression of the Hox gene mab-5 in the QL cell 
during its migration, mab-5 specifies cell fates in 
the posterior body region and its expression is re- 
quired in the QL neuroblast as it migrates into 
the posterior region, mab-5 expression is also re- 
quired later in the QL descendants for posterior 
rather than anterior migrations. There are multi- 
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pie genes encoding different wingless/wntl signal- 
ing pathway components in C. elegans and while 
some of these may be redundant, many are in- 
volved only in specific developmental events. De- 
termining how multiple developmental decisions 
are controlled by the different winglesslwntl sig- 
naling pathways remains to be solved. 

Fibroblast growth factor (FGF) signaling path- 
ways have also been implicated in cell migrations 
and axon outgrowth. For example, in Drosophila 
the migrations of tracheal, border, and other cell 
types are disrupted in FGF and FGF receptor mu- 
tants. In addition, the stimulation of axonal 
growth cone migrations by some cell adhesion 
molecules, including NCAM, N-cadherin, and LI, 
is thought to involve the activation of FGF recep- 
tors. An FGF receptor signaling pathway in C. ele- 
gans is involved in the migrations of the sex myo- 
blast (SM) cells. The SM cells migrate anteriorly 
during the second larval stage to a position that 
is central to the developing gonad. During the 
third larval stage, the SM cells divide to produce 
vulval and uterine muscles that are used in egg 
laying. Mutations in egl-15y which encodes a FGF 
receptor homologue, and in egl-17y which encodes 
a FGF homologue, cause the sex myoblasts (SM) 
cells to be mispositioned. The mutations appear 
to disrupt interactions between the SM cells and 
the gonad, suggesting that the role of FGF signal- 
ing may be to coordinate the migration of the 
SMs with vulval development. 

The FGF receptor belongs to a subfamily of recep- 
tor tyrosine kinases. The GTP-binding protein Ras 
is implicated in transducing signals mediated by 
these receptors. SEM-5 is a homologue of Grb2, 
an adaptor protein that links receptor tyrosine ki- 
nases to Ras activators. Mutations in sem-5 cause 
defects in SM migration and in a number of other 
developmental processes. Likewise, other members 
of the Ras-mediated signal transduction pathway 
when mutated can cause SM migration defects. 

Finally, the development of many tissues is 
regulated by members of the transforming growth 
factor-^ (TGF-y8) superfamily of secreted signaling 
molecules. In C. elegans, UNC-129, a TGF-y5, is re- 
quired to guide pioneer motoraxons circumferen- 
tially. UNC-129 acts cell-non-autonomously and 
could act directly as a guidance cue or indirectly 
by inducing guidance cues in neighboring cells. 



Interestingly, none of the known TGF-y8 receptors 
in C. elegans affects motoraxon guidance, suggest- 
ing that UNC-129 acts through an unconventional 
TGF-jS signaling pathway. It is suggested that 
UNC-129 could act directly on the UNC-5 recep- 
tor to help mediate UNC-6-dependent guidance. 



18.6 

Outlook 

The completed cell lineage, neuronal connections, 
and genomic sequence of C. elegans provide a 
foundation for understanding nervous system 
development. It is now conceivable that all genes 
required for nervous tissue development will be 
known, along with where and when their protein 
products function. While this will be a major 
achievement, the goal is to learn the mechanisms 
of how a nervous system develops. This will re- 
quire new insights and a better comprehension of 
the processes involved. One objective will be to 
understand the relationships between axon migra- 
tions, axon scaffold formation, and the supporting 
substrata. This task will be aided by new tech- 
niques and reagents, such as immuno-electron 
microscopy and improved axon-specific GFP 
markers. These advancements will improve the re- 
solution at which the details of nervous system 
development can be studied and they will allow 
new questions to be asked. Finally, genetic analy- 
sis using C. elegans will continue to be vital for 
identifying the events and proteins involved in 
nervous system development. 

18.7 

Summary 

During the formation of the nervous system a 
stereotypical pattern of axon tracts develops. C. 
elegans is a good model organisms in which to 
study this process and several insights have 
emerged. First, temporally and spatially regulated 
patterns of guidance cues can provide directional 
information to migrating cells and axonal growth 
cones. Second, cell surface receptors acting 
through signaling pathways and cytoskeletal adap- 
tors mediate the choice of direction, substrate. 
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and motility. Third, programs that regulate gener- 
al tissue development can directly influence mi- 
grations. As a comprehensive picture of nervous 
system development is revealed, we will be chal- 
lenged to form new insights and to develop the 
techniques to understand it. C. elegans offers this 
unique opportunity. 
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19.1 

Introduction ' 



Drosophila melanogaster is a small dipteran fly 
that belongs to the group of holometabolous in- 
sects. Both the larvae and the adult flies (Fig. 1) 
live on rotting fruit, and feed mainly on the fungi 
and bacteria that grow there. Drosophila was in- 
troduced into the genetic laboratory by T. H. Mor- 
gan around 1910, because it is easy to grow (gen- 
eration time 2 weeks with about 300 offsprings 
per female) and because it displays a wealth of 
morphological markers that could be exploited 
for genetic experiments. D. melanogaster quickly 
became one of the genetically best analyzed or- 
ganisms. Morgan received the Nobel prize for 
medicine in 1933 for describing the principles of 
genetic recombination and for the discovery of 
chromosomal sex determination. One of his co- 
workers, H.J. Muller, received the prize in 1946 
for discovering the mutagenicity of X-rays. The 
Drosophila system has since been continuously 
used for the analysis of many biological ques- 
tions, ranging from biochemistry to behavioral 
genetics and evolution. To date the sophistication 
of the genetic tools available in Drosophila is un- 
paralleled, and this was instrumental in the 
breakthrough of developmental biology in the 
1980s that resulted in another Nobel prize, in 
1995, to Edward Lewis, Christiane Niisslein- 
Volhard and Eric Wieschaus for their work on 
homeosis and embryonic pattern formation. 

In retrospect, the choice of Drosophila as a ge- 
netic model system seems incredibly lucky. The 
subsequent discovery of giant chromosomes 
(bundles of chromatids that arise by endomito- 
sis), and the precise description of their banding 
pattern by Bridges in 1935, provided a physical 



map that could be correlated with recombination 
maps based on visible marker mutations. Giant 
chromosomes allowed the study of chromosome 
rearrangements, and this knowledge was then 
exploited for the synthesis of special chromo- 
somes, so-called balancers, which are indispensa- 
ble for the analysis and stock keeping of lethal 
mutations, including developmental mutants. Bal- 
ancer chromosomes are composed of several in- 
terlocked inversions and suppress recombination 
in specific chromosomal regions, such that stocks 
carrying lethal mutations in different genes on 
each of two homologous chromosomes can be 
stably kept over many generations (because all 
offspring from such a genotype will be either 
homozygous for one of the mutations and there- 
fore die, or will again be heterozygous for both 
mutations, which constitutes the original geno- 
type). Giant chromosomes were also extremely 
helpful early in the era of molecular biology since 
mutations caused by chromosomal rearrange- 
ments allow the localization of genes to precise 
bands on giant chromosomes. DNA from these re- 
gions could then be directly cloned by chromo- 
somal dissection and processing of small DNA 
samples under the microscope. Moreover, the pro- 
gression of “chromosomal walks” could be fol- 
lowed on the physical map by hybridizing newly 
isolated phages to giant chromosomes, and check- 
ing their location by autoradiography and micro- 
scopic analysis. Another Drosophila technique es- 
sential for the analysis of developmental mecha- 
nisms is the use of mitotic recombination for 
clonal analysis of gene functions. Clonal analysis 
led to important developmental concepts such as 
cell autonomy and embryonic compartments. Fi- 
nally, the discovery of P-element transposition 
made the generation of transgenic flies possible, 
which allows the functional analysis of any piece 
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Fig, I, Developmental stages of Drosophila melanogaster. 
The total generation time is dependent upon the tempera- 
ture and is 9-14 days at 25 ""C. One day is required to com- 
plete embryogenesis, 4 days to go through three larval 
stages, and another 4 days to complete pupation. Under op- 
timal conditions, the adult fly emerges after 9 days and is 
fertile after another 1 or 2 days. Adults live for about 
4 weeks, and a single female can lay about 300 eggs during 
this time 



of DNA in the context of the whole organism. 
This technique permits^ for example, controlled 
mis-expression of developmental genes, analysis 
of upstream regulatory DNA or artificially de- 
signed coding regions, and the clonal activation 
of gene expression by means of site-specific re- 
combinases. 

Although Morgan was not concerned with em- 
bryogenesis when he adopted Dwsophilay this 
species turned out to be a near-perfect system to 
study development. The small size and easy har- 
vest of Drosophila embryos allows application of a 
variety of embryology techniques, ranging from 



controlled laser ablation of single cells to cyto- 
plasm or nuclear transplantation, whole -mount in 
situ hybridization, and biochemical analysis of 
embryonic extracts. However, the greatest seren- 
dipity of all was the way in which early defects 
during embryogenesis result in differentiated first 
ins tar larvae that reflect the nature of the mutated 
gene in their cuticular pattern. Over a hundred 
genes involved in segmentation, dors o- ventral po- 
larity or neurogenesis, were all identified with a 
single, very simple screening procedure: mature 
eggs harvested from mutagenized Drosophila lines 
were embedded in Hoyer's medium, which dis- 
solves the internal tissues, allowing microscopic 
inspection of the remaining cuticle structures. 
This elementary technique allowed correct classi- 
fication of most mutants according to the gene 
classes still recognized today, i,e., gap genes, pair- 
rule genes etc. It was the very efficiency of this 
screening method that made possible the concept 
of saturation mutagenesis which became the foun- 
dation for the success of Drosophila in the genetic 
analysis of development. This experimental strat- 
egy rests on the notion that complex developmen- 
tal processes involve the action of many genes. 
Thus, to thoroughly understand such a process, it 
is not sufficient to study one or a few key factors. 
Rather, knowledge of a majority of the involved 
genes is necessary to obtain an accurate view of 
the whole system. To this end, a mutagenesis ex- 
periment is continued by scoring additional mu- 
tant lines until most newly isolated mutants turn 
out to be alleles of previously identified genes. In 
the Heidelberg screens, it was estimated from the 
average number of alleles obtained per gene that 
about 95% of all genes had been found that can 
be identified by this particular screening method. 
Meanwhile, it has been recognized that many in- 
teresting and important genes somehow escaped 
detection by this approach (this is further dis- 
cussed in Sect, 19,9), Nevertheless, even if only 
half of all relevant factors in a given developmen- 
tal pathway are identified by a saturation screen, 
this provides a plethora of starting points to ex- 
plore the system and eventually identify most of 
the missing components as well. Although this 
concept was later applied to other organisms, the 
success achieved in Drosophila could not quite be 
replicated, either because of greater difficulties in 



19 Formation of Embryonic Axes and Blastoderm Pattern in Drosophila 313 



the handling of mutant lines, or because the ob- 
servation of mutant phenotypes was less straight- 
forward. In Caenorhabditis eleganSy for example, 
early developmental defects often result in physi- 
cally disrupted larvae, such that careful observa- 
tion of mutant embryos throughout development 
is necessary in order to identify the developmen- 
tal process in which the affected gene is involved. 

How many genes does it take to make a fly? 
Based on the extensive mutagenesis screens in that 
species, it can be estimated that the Drosophila 
genome encodes about 5000 “essential genes”, i.e., 
genes required for survival under laboratory condi- 
tions (there may be another 5000 “non-essential” 
genes, most of which are probably indispensable 
for life in the wild). Mutations in less than 5% of 
these essential genes are known to cause mater- 
nal-effect lethality, which means that embryos die 
if the mother is homozygous for a gene required 
during oogenesis. Mutations in about a quarter of 
all essential genes result in embryonic lethality, 
i.e., embryos die if they themselves are homozy- 
gous for such a mutant. Interestingly, only a minor 
fraction of all lethal mutations are accompanied by 
specific pattern defects in the larval cuticle, namely 
about 40 maternal and 50 zygotic genes. Therefore, 
only about 1-2% of all Drosophila genes appear to 
be specifically involved in the patterning of the em- 
bryo. Of course, neither the development of internal 
organs, nor larval development and metamorphosis 
were scrutinized by these saturation screens. 
Hence, the total number of developmental genes 
in Drosophila certainly is considerably larger. 
Nevertheless, the number of genes required for set- 
ting up the embryonic axes and patterning of the 
blastoderm fate map is reasonably small - small en- 
ough that we can hope for a fairly complete under- 
standing of these developmental processes. This 
chapter will give an overview of early pattern for- 
mation in Drosophila, and discuss some general 
principles that seem to govern this rather complex 
patterning process. 

19.2 

The Blastoderm Fate Map^ 

The spatial organization of the larval body is deter- 
mined at an early stage of embryogenesis, the blas- 
toderm stage, which is formed just 3 h after fertili- 



zation. Initially, the zygote nucleus undergoes a se- 
ries of 13 synchronous nuclear division cycles which 
are not accompanied by concomitant cell divisions. 
Beginning with the seventh nuclear division, the nu- 
clei migrate to the surface of the egg and eventually 
form a homogeneous layer around the central yolk 
mass (Fig. 2). This syncytial blastoderm permits 
free diffusion of regulatory substances involved in 
pattern formation, be it small molecules or whole 
proteins. Cell membranes form only after the four- 
teenth nuclear division. By growing in from the sur- 
face between nuclei, the cell walls eventually separate 
blastoderm cells from each other and from the cen- 
tral yolk mass. A specialized set of cells, the pole cells 
that will give rise to the germ line, form already ear- 
lier at the posterior pole of the embryo. 

In the blastoderm stage, all major primordia of 
the larva are determined, such that a detailed fate 
map can be drawn onto this two-dimensional array 
of about 6000 cells. This can be demonstrated by 
using a laser beam to destroy small numbers of 
cells at defined positions at the blastoderm stage 
and correlating these positions with cuticular de- 
fects in first instar larvae. In Fig. 2 such a blasto- 
derm fate map for Drosophila is depicted. Its major 
components are the ventral mesoderm, the anterior 
and posterior primordia of the endoderm, and the 
large ectodermal region which will also give rise to 
the nervous system. At this early stage, the ecto- 
derm already is subdivided into subsegmental pri- 
mordia, the compartments, which form as narrow 
stripes only one or two cells wide. Clonal analysis 
of genetically marked cells shows that, from this 
stage onwards, cells are restrained from crossing 
compartmental boundaries. Evidently, the fate 
map not only provides a topological link between 
portions of the blastoderm and specific organs that 
become morphologically distinguished much later, 
but blastoderm cells have already been determined 
to specific fates, and the very detailed fate map cor- 
responds to equally detailed patterns of gene ex- 
pression at this stage. 
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Fig, 2* The fate map at the blastoderm stage. An embryo 
just undergoing cellularization is shown on top, illustrating 
the morphological homogeneity at this stage. Below, a re^ 
presentation of the blastoderm fate map is depicted. Areas 
that will invaginate during gastrulation are shaded. The 14 
segmental primordia of the gnaihal (Md, Mx and Li?), tho- 
racic (!TJ-r3) and abdominal segments (AI-AS) are indi- 
cated; Md mandibular; Mx maxiliar; Lb labial segment 



193 

Four Maternal Gradients Provide Spatial 
Information for the Embryo^ 

Genes acting in early development are called ma- 
ternal or zygotic genes, depending on when they 
are transcribed. Maternal genes are expressed 
during oogenesis and their products (mRNA or 
protein) are stored in the oocyte for use after fer- 
tilization. Zygotic genes are transcribed in the 
blastoderm nuclei once the egg has been laid. In 
order to knock out a maternal gene function in 
the embryo, the mother must be homozygously 
mutant while the genotype of the father is irrele- 
vant. To remove a zygotic function, both parents 
must be heterozygous and 25% of the eggs will be 
homozygously mutant and express the mutant 
phenotype. 



The freshly laid egg contains many maternal 
gene products, protein or RNA. Most of these re- 
present basic housekeeping functions which the 
mother supplies to the egg in order to allow rapid 
early development. Many of these maternal prod- 
ucts also serve specific developmental functions, 
for example as homogeneously distributed cofac- 
tors for zygotic patterning genes. A few provide 
the embryo with the spatial information necessary 
for initiation of the pattern formation cascades 
which eventually create the blastoderm fate map. 
This maternal spatial information is provided by 
just four spatial signals, three of which function 
to specify the anterior- posterior axis (anterior, 
posterior and terminal signals) while the last one 
defines the dorso-ventral pattern (ventral signal). 
All four of these signals act as gradients which 
supply positional information to blastoderm nu- 
clei (Fig. 3), i.e., the local concentration along a 
gradient provides each blastoderm nucleus with 
information about its position within the embryo. 
By concentration-dependent regulation of target 
genes, these maternal gradients determine the 
fates of different areas in the blastoderm embryo. 

Two of the four maternal gradients are gener- 
ated within the egg by diffusion of protein from 
local sources. During oogenesis, the mRNAs of 
bicoid and nanos are localized near the anterior 
and posterior poles of the egg, respectively. After 
fertilization, these RNAs are translated, and their 
protein products diffuse through the syncytial 
embryo to form long-ranging gradients spanning 
over half the length of the egg. 

The other two gradient systems, i.e., the termi- 
nal and ventral signals, emanate from outside the 
oocyte. In the ovary, the growing oocyte is sur- 
rounded by an epithelium of follicle cells. These 
somatic cells transport yolk material from the he- 
molymph into the growing egg, and eventually 
deposit most of the eggshell material (vitellin 
membrane and chorion). In addition, they are 
also involved in determining the future axes of 
the growing oocyte. The terminal and ventral sig- 
nals are generated locally within the follicle 
epithelium, and this spatial information is deliv- 
ered to the oocyte by a signal transduction mech- 
anism. The components of the signal transduction 
pathways that receive the signals are homoge- 
neously expressed in the oocyte and egg. They be- 
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Fig. 3. Four maternal signals organize spatial patterning of 
the embryo. During the syncytial blastoderm, BICOID and 
NANOS form anterior and posterior protein gradients 
(left). The terminal signal is received by the embryo 
through the TORSO receptor. This receptor is locally acti- 
vated at the anterior and posterior poles* such that terminal 
gradients of activated molecules are formed (gray shading). 
At right, positional information along the do rso -ventral 



axis is shown. The ventral signal is received by the TOLL 
receptor which is activated ventrally. TOLL activation leads 
to nuclear translocation of the DORSAL protein. Dorsally, 
DORSAL remains cytoplasmic. As in all remaining figures, 
embryos are depicted as longitudinal sections with anterior 
to left (and dorsal up) or transversal sections with dorsal 
up 



come locally activated later, and it is the graded 
distribution of activated molecules that provides 
the embryo with positional information near the 
terming and along the dorso-ventral axis. In the 
case of the ventral signaling system, the final fac- 
tor of the transduction pathway is the DORSAL 
protein, and its activation consists of a modifica- 
tion that allows the protein to enter the nucleus. 
Initially, DORSAL is excluded from the nucleus, 
which renders it inactive because the gene codes 
for a transcription factor. Unlike the BICOID and 
NANOS gradients, therefore, it is not the absolute 
concentration of DORSAL protein, but its nuclear 
concentration which encodes positional informa- 
tion along the dorso-ventral axis, i.e., ventral nu- 
clei contain high levels of this factor and dorsal 
nuclei low levels (Fig. 3; the gene for this ventral 
signal was called dorsal, because in mutant em- 
bryos exclusively dorsal tissues are formed). In 
the case of the terminal system, our knowledge of 
the pathway is less complete and the final effector 
is not yet known. Also in this case, the phenotyp- 



ic analysis of mutants which reduce signaling 
activity to varying degrees showed that the final 
factor provides positional information in the 
manner of a graded activity. However, the nature 
of this terminal effector activity remains to be 
elucidated. 

In summary, two localized mRNAs and two ex- 
ternal signals provide all positional information 
in the freshly laid egg; but how do we know that 
there are no additional factors that provide spa- 
tial information? There are two reasons: first, the 
analysis of mutant phenotypes showed that em- 
bryos lacking the ventral signal are devoid of all 
dorso-ventral polarity, and that triply mutant em- 
bryos which lack bicoidi nanos and a key gene of 
the terminal system (for example, torso) lack all 
anterior-posterior polarity. Secondly, all of the 
known maternal mutants (about 35) appear to act 
within pathways that function to establish the 
four known signals. It is very unlikely that all 
members of an additional pathway could have es- 
caped detection in the mutagenesis screens. 
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Fig. 4. The four pathways that generate local- 
ized maternal signals in the embryo. Genes 
mentioned in the main text are underlined. 
The maternal pathways are largely linear 
and independent of one another; only stau- 
fen functions in the anterior as well as the 
posterior pathway. Not included in this fig- 
ure is the role of gurken in setting the polar- 
ity of the oocyte cytoskeleton which is es- 
sential for proper localization of bicoid and 
nanos mRNAs 



19.4 

Linear Pathways Generate 
the Maternal Gradients^ 



Many gene functions are required during oogen- 
esis to produce and properly localize the four sig- 
nals which control the future development of the 
fertilized egg. These genes act in four pathways, 
one for each maternal signal, and these pathways 
are largely independent of each other (Fig. 4). 

In Drosophila, not only the oocyte, but addi- 
tional germ line and somatic cells contribute ma- 
terial to the egg. Egg formation is initiated by a 
germ line stem cell that divides four times to pro- 
duce a cluster of 16 cells which remain connected 
by cytoplasmic bridges. This cluster becomes sur- 
rounded by a layer of somatic cells, the follicle 
epithelium, which derives from a different stem 
cell population. One of the 16 germ line cells in 
each follicle becomes the oocyte, while the re- 



maining 15 cells act as nurse cells that supply the 
oocyte with most of the cytoplasmic components 
of the egg, including mRNA of maternal genes 
like bicoid and nanos. Only the oocyte nucleus 
will eventually end up in the egg, while the nurse 
cells and follicle cells will degenerate at later 
stages of oogenesis. 

The cytoplasmic bridges connecting nurse cells 
and oocyte are transversed by cytoskeletal fibers, 
including microtubules, along which certain RNAs 
are actively transported into the oocyte. These cy- 
toskeletal fibers later become reorganized (see 
Sect. 19.5) to form a polar field within the oocyte, 
along which specific RNAs are differentially trans- 
ported to either the anterior or the posterior pole 
(Fig. 5). The mRNA of bicoid and several of the 
posterior pathway genes contain specific se- 
quences in the untranslated 3' regions of their 
transcripts. These sequences are specifically rec- 
ognized by other proteins which in turn associate 
with motor proteins and the cytoskeleton. By at- 
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Fie, 5A-D* Localization of mater- 
n^ signals during oogenesis, 

A, B bicoid and nanos mRNA are 
transcribed in the nurse cells, 
transported into the oocytOj and 
then localized to the anterior and 
posterior poles of the oocyte by 
transport along microtubules. 
These microtubules are oriented 
with their 4 ends near the posteri- 
or, and their - ends towards the 
anterior pole of the oocyte. C The 
terminal signal emanates from 
polar follicle cells which express 
iorsoUke. This local signal then is 
probably stored in the egg shell 
{gray shading) and serves after egg 
deposition to locally activate the 
torso receptor. D Similar to the ter^ 
minal signal, the ventral signal 
emanates from a ventral stripe of 
follicle cells which express pipe 
and windbeuteL Also the ventral 
signal is probably stored in the egg 
shell (gray shading) and is later 
used to locally activate TOLL 
which leads to ventral nuclear 
translocation of DORSAL 
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tadiment to different motor proteins^ which 
either move to the plus or the minus ends of mi- 
crotubuleSj these mRNAs are transported in dif- 
ferent directions along the cytoskeleton, such that 
bicoid mRNA is transported to the anterior pole 
of the future egg cell, while nanos (and other pos- 
terior pathway mRNAs) accumulate at the posteri- 
or pole. Three maternal genes are known to be re- 
quired for proper localization of the bicoid RNA 
(Fig. 4), but their precise role in the localization 



process is not yet clear and additional factors are 
likely to be involved in this transport process. 

Most of the posterior pathway genes are neces- 
sary to properly localize nanos. They are not only 
required to localize nanos^ however: their gene 
products are integral components of the pole 
plasm. This specialized cytoplasmic structure 
forms at the posterior pole of the egg where the 
germ line precursor cells will form. After trans- 
port to the posterior pole (Fig. 5), nanos also 
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must become integrated into the pole plasm in or- 
der to be stabilized and translationally activated. 
If the posterior pathway is interrupted, pole 
plasm does not form, which results in the lack of 
germ cells as well as the lack of the posterior gra- 
dient. Only two of the posterior pathway genes 
function specifically in pattern formation and are 
not required for pole plasm formation. These are 
nanos itself and pumilio, an essential cofactor for 
nanos action (see Sect. 19.7). 

The 3'UTRs of bicoid and nanos can be at- 
tached to other RNAs which are then transported 
accordingly. This clearly demonstrates the exis- 
tence of two inversely oriented RNA transport 
mechanisms which recognize specific 3'UTR se- 
quences. So how do we know that these RNAs are 
actively moved along the microtubule network? 
Chemically induced disruption of this cytoskeletal 
network disturbs proper development of oocytes. 
A striking demonstration for this transport mech- 
anism came, however, from an experiment where 
a kinesin-lacZ fusion protein was expressed in the 
oocyte. This fusion protein localizes within the 
oocyte similar to posterior group genes. This 
clearly showed that a polarized microtubular field 
exists in the oocyte, with the + end of the micro- 
tubules pointing posteriorly. Since different kine- 
sins move in different directions along microtu- 
bules, this suggests an elegant mechanism for dif- 
ferential transport of bicoid and nanos RNAs. 
However, none of the anterior or posterior path- 
way genes known to date are motor proteins or 
microtubule-associated proteins. Thus, it cannot 
be excluded that additional cytoskeletal compo- 
nents and other classes of motor proteins could 
be involved in localizing maternal mRNAs in the 
oocyte. 

As mentioned earlier, the terminal and ventral 
signals become established in the egg as the result 
of a signal transduction mechanism which origi- 
nates from localized sources in the follicle epithe- 
lium. One of the genes in the terminal pathway, 
torsolike, is expressed in a small group of follicle 
cells (Figs. 6 A and 5C) at the anterior and poste- 
rior poles of each follicle. Two genes of the ven- 
tral pathway, windbeutel and pipe, appear to be 
expressed in a ventral stripe of follicle cells which 
just overlie the region of the oocyte where dorsal 
will become activated (Fig. 5D). Both of these 



genes have not yet been studied molecularly, but 
the analysis of follicle cell clones mutant for 
either gene indicated that they are only required 
in ventral follicle cells. Thus, the sources of the 
ventral and terminal signal pathways have been 
identified. In fact, the torsolike protein has a sig- 
nal sequence, i.e., it is a secreted protein, and 
may represent a factor that diffuses from follicle 
cells to the oocyte. Similarly, either windbeutel or 
pipe may also turn out to be secreted factors. 
Other genes have been identified that are ex- 
pressed in the egg and are known to detect the 
external signals. The terminal signal is received 
by the TORSO protein which, as a receptor tyro- 
sine kinase, is integrated into the membrane of 
the egg cell. Likewise, the ventral signal is re- 
ceived by the TOLL protein, also a transmem- 
brane receptor protein. 

However, neither torsolike nor windbeutel or 
pipe directly bind to the torso and Toll receptors. 
It was shown by cytoplasm transplantation and 
mRNA injection experiments that torso and Toll 
are required after fertilization. Yet, torsolike, 
windbeutel and pipe must act during oogenesis 
when the follicle cells are in intimate contact with 
the oocyte. This contact is broken later during 
oogenesis when the egg shell is laid down be- 
tween oocyte and follicle cells. The completed egg 
can remain unfertilized in the female genital tract 
for several days, and only after fertilization do 
torso and Toll become activated. So how are the 
localized activities stored in the egg? This crucial 
question has not yet been solved for either of 
these pathways. It is clear, however, that the trans- 
duction mechanism in both pathways involves a 
number of additional genes. So far, seven genes 
have been identified that act in the terminal path- 
way (Fig. 4), i.e., seven maternal genes can be mu- 
tated to produce a phenotype in which terminal 
primordia are deleted. There are, however, gain of 
function alleles of torso which display a comple- 
mentary phenotype and in these mutants the 
torso receptor is constitutively activated through- 
out the embryo. This leads to an expansion of ter- 
minal primordia and a concomitant loss of cen- 
tral primordia, and these complementary pheno- 
types can be used for genetic epistasis experi- 
ments. If an embryo is doubly mutant for a torso 
gain of function allele and a mutant in one of the 
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other genes ™ which of the two phenotypes will 
prevail? If a gene is located upstream of torso in 
the terminal pathway, we would expect that the 
torso gain of function phenotype should prevail, 
be epistatic, since constitutively active torso 
receptor would induce terminal fates independent 
of the action of upstream genes. Of the six possi- 
ble combinations, this occurred in four cases, and 
torsolike was among them. In the remaining two 
cases, the phenotype characterized by loss of ter- 



Fig, 6A-D, Anterior-posterior as well as dorso-ventral po- 
larity of the foEide depend on GURKEN signalling, A At 
an early stage of oogenesis, the follide already displays 
some anterior- posterior polarity in that the oocyte is posi- 
tioned posteriorly while nurse ceEs are situated anteriorly. 
Furthermore, polar follicle cells have been determined 
(dark shading). The oocyte expresses GURKEN, whose 
gene products are localized close to the oocyte nucleus. 
The gurken signal is received by folhde cells dose to the 
oocyte nucleus, and this early signal serves to distinguish 
posterior terminal cells from anterior terminal cells (light 
shading), B The posterior terminal cells then signal back 
into the oocyte to induce a microtubule nudeation center 
that will organize the microtubule fibers such that bicoid 
and nanos mRNAs can be properly transported, C, D Some- 
what later, the oocyte nucleus is transported along the new- 
ly established microtubule fibers in the oocyte cortex, gur- 
ken signaling continues and induces dorsal fates in follicle 
cells close to the oocyte nucleus. This dorsalizing effect re- 
sults in restriction of pipe and windbeutei expression to 
ventral follide cells (D), Note that the anterior terminal fol- 
lide cells migrate through the nurse cells towards the ante- 
rior pole of the oocyte where they will induce the anterior 
terminal signal (C, D) 



mind structures was epistatic, which is to be ex- 
pected if these genes act downstream of torso 
since the mutations then block the transmission 
of the ectopic torso activity to the final effector 
gene. Therefore, three genes in addition to torso- 
like act upstream of torso {Fig, 4), These genes 
are required in the germ line but not in the folli- 
cle cells, and two of them dso affect the forma- 
tion of the viteUin membrane. This led to the 
model that localized activity is transmitted from 
torsolike to a factor built into the vitellin mem- 
brane, which is released after fertilization and 
leads to locd activation of the torso receptor. 
Similar epistasis experiments have been per- 
formed in the ventral signaling pathway. In this 
case, five genes act between windbeutel/pipe and 
the Toll receptor (three more genes are known to 
act between Toll and dorsal). Interestingly, four of 
these five genes are required in the germ line, i.e,, 
in oocyte or egg cell, and three of them encode 
proteases that resemble those in the blood-clot- 
ting cascade of vertebrates. These proteins are se- 
creted by the egg cell as inactive zymogens into 
the space between oolemm and the vitellin mem- 
brane (Fig, 5D), where they form a proteolytic 
cascade. The cascade is thought to be activated 
ventrally, and its last step results in the proteolyt- 
ic activation of the fourth gene product, spatzle^ 
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which has been shown to be the ligand that binds 
and activates Toll. The fifth gene that acts be- 
tween windbeutel/pipe and Toll is nudeU which is 
expressed in all follicle cells, nudel encodes an ex- 
tracellular matrix protein which also carries a ser- 
ine protease domain. Furthermore, certain nudel 
alleles affect the integrity of the vitellin mem- 
brane, similar to certain genes in the terminal 
pathway. It is suggestive to speculate that nudel 
may become integrated into the vitellin mem- 
brane in order to trigger the proteolytic cascade 
that leads to Toll activation. The time when this 
occurs is determined by the egg cell which se- 
cretes spdtzle and protease zymogens, which then 
come into contact with locally activated nudel - 
probably located in the vitellin membrane - and 
transfer its spatial activity to the oolemm. 

19.5 

Symmetry Breaking and Oocyte Polarity^ 

As described above, the polarity of the oocyte has 
its origin in prepatterns within the follicle epithe- 
lium. This not only is true for the ventral and ter- 
minal signals which originate from specialized 
groups of follicle cells but, as we shall see later, 
also for the proper localization of bicoid and na- 
nos which require information emanating from 
posteriorly localized follicle cells. How does the 
polarity of the follicle originate, and how are cells 
specified that express torsolike and windbeutell 
pipel In the case of the terminal follicle cells, this 
is not known. However, the growing follicles are 
aligned in tubes within the ovary such that each 
is in close contact with two neighbors. It is possi- 
ble that this contact provides the primary infor- 
mation for specification of the polar follicle cells, 
although the molecular details of any such mecha- 
nism are not yet known. 

Dorso-ventral patterning within the follicle 
epithelium is better understood. In fact, the estab- 
lishment of the dorso-ventral axis of the Droso- 
phila egg is one of only a few examples in animal 
development where symmetry breaking, i.e., the 
creation of polarity from a symmetrical initial sit- 
uation, is well understood. At an early stage of 
oogenesis, the oocyte occupies the posterior end 
of the follicle, with its nucleus positioned close to 



the posterior pole of the oocyte (Fig. 6A). At this 
stage, anterior-posterior polarity is already evi- 
dent from the location of the oocyte, but follicle 
and oocyte are still rotationally symmetric. The 
first morphological sign for the establishment of 
dorso-ventral polarity becomes apparent when the 
oocyte nucleus moves anteriorly from its initial 
posterior position. This movement takes place in 
the cortex of the oocyte, i.e., close to the follicle 
epithelium. Therefore, the oocyte nucleus has to 
leave its position close to the symmetry axis and 
moves until it reaches the corner where the oo- 
cyte abuts the anteriorly situated nurse cells. This 
position now marks the future dorsal side of the 
oocyte. But the movement of the oocyte nucleus 
is not only a marker for dorso-ventral polarity, it 
actually represents the very mechanism of sym- 
metry breaking. The gurken gene is expressed in 
the oocyte, and both its RNA and protein prod- 
ucts remain in close spatial relation to the nu- 
cleus itself, gurken is a secreted signaling mole- 
cule of the TGF-alpha family. The receptor for 
this growth factor is encoded by the torpedo gene 
in Drosophiluy which is expressed in the follicle 
cells. As the oocyte nucleus moves, it defines the 
dorsal side of the oocyte, and gurken signals this 
inner polarity to nearby follicle cells that will 
later produce dorsal structures in the egg cell. Not 
only does gurken signaling coordinate dorso-ven- 
tral position between oocyte and follicle cells but, 
more importantly, gurken signaling is required to 
inhibit dorsal follicle cells from expressing wind- 
beutel and pipe, such that these genes will only be 
expressed on the ventral side (Fig. 6D). Therefore, 
the proper positioning of the ventral signal de- 
pends on gurken, and on migration of the oocyte 
nucleus. Although the dorso-ventral polarity is 
first initiated within the oocyte, the dorso-ventral 
pathway makes a detour via the follicle cells and 
signals back into the oocyte after fertilization. 
The ventral stripe of windbeutel/pipe expressing 
follicle cells appears to be an elongated, sharply 
demarcated domain, which makes it unlikely that 
inhibition by gurken could directly define the 
borders of this domain. It has been postulated, 
therefore, that another regulatory system mediates 
between gurken and windbeutel/pipe that probably 
has autonomous stripe-generating properties and 
can create a sharply defined stripe based on a 
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diffuse spatial signal like that provided by gurken. 
To understand this pattern formation system 
within the follicle epithelium is one of the major 
remaining challenges in Drosophila development. 

There is another side to gurken signaling. Not 
only do oocyte and follicle cells interact in the 
generation of the dorso-ventral axis, also the 
proper localization of the bicoid and nanos 
messages depends on prepatterns in the follicle 
epithelium. In order for the oocyte nucleus to 
move anteriorly along the oocyte cortex, a polar 
field of microtubule fibers in the cortex must al- 
ready be in place. The same fibers are probably 
responsible for localizing bicoid and nanos 
mRNAs. The proper anchoring and orientation of 
this cytoskeleton depends on an as yet unknown 
signal from the posterior terminal follicle cell 
population. This population is specified as termi- 
nal very early during oogenesis, but it requires 
additional information to become posterior termi- 
nal which allows it then to signal into the oocyte 
where the microtubule field should be anchored. 
This switch in identity from terminal to posterior 
terminal is again mediated by gurken. Before the 
oocyte nucleus migrates and defines the dorso- 
ventral axis, gurken already is expressed, and this 
early signal is interpreted by terminal follicle cells 
as posterior (Fig. 6 A). After the posterior termi- 
nal follicle cells have received the gurken signal, 
they induce the microtubule field in the oocyte 
(Fig. 6B), the nucleus migrates dorsally, and then 
those follicle cells that do not have a terminal 
identity interpret this signal to mean that they 
should assume a dorsal follicle cell fate (Fig. 6D). 

Evidently, the process that generates prepat- 
terns in the follicle epithelium, and coordinates 
polarity in oocyte and follicle, is a convoluted 
one. The early signal from oocyte to follicle cells 
is straightforward, while the signal transduction 
from ventral and terminal follicle cells back into 
the oocyte is more complicated because these sig- 
nals must be stored within the eggshell to fulfill 
their function in the syncitial blastoderm embryo. 
The primary symmetry break that sets up dorso- 
ventral polarity consists in the initially random 
direction of oocyte nucleus movement. Such a 
symmetry-breaking event probably also occurs for 
the anterior-posterior axis, when the oocyte mi- 
grates relative to the nurse cells towards the most 



posterior position in the follicle. However, this oc- 
curs much earlier in oogenesis, and the mecha- 
nism of this symmetry-breaking event is not un- 
derstood. 

19.6 

A Network of Zygotic Genes Creates 
the Blastoderm Fate Map^ 

Maternal genes define the embryonic axes and 
supply positional information in the form of gra- 
dients. These then are interpreted by cascades of 
genes that are zygotically expressed since the pat- 
terning process acts predominantly at the level of 
transcriptional regulation. Therefore, the machin- 
ery that achieves the detailed subdivision of the 
blastoderm into germ layers and segments resides 
in the regulatory regions of these zygotic genes. 
The number of zygotic genes that accomplish this 
subdivision is comparable to the number of ma- 
ternal genes that create the initial gradients. How- 
ever, their regulatory interactions are more com- 
plex and constitute a network with vertical and 
horizontal interactions, quite unlike the linear 
pathways that produce the maternal gradients 
(Figs. 4, 7). In the case of the segmental pattern, 
the subdivision of the blastoderm embryo is com- 
pleted in three steps, each of which is character- 
ized by gene expression patterns of increasing de- 
tail and accuracy. The genes defining these three 
steps are the gap, pair-rule and segment-polarity 
genes. 

19 . 6.1 
Gap Genes 

Gap genes were originally defined as those which, 
when mutated, cause large contiguous gaps in the 
segment pattern of the embryo. The classic repre- 
sentatives of this class are hunchback, which leads 
to loss of head and thoracic structures, Kruppel, 
which leads to a loss of thoracic and abdominal 
structures and knirps, which leads to a loss of 
most of the abdominal structures. It turned out 
that gap genes act at the beginning of the seg- 
mentation gene cascade and their definition has 
changed accordingly. Gap genes are now defined 
more functionally as those genes that are directly 
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Fig. 7. The cascade of zygotic genes that generates the seg- 
ment pattern in the blastoderm embryo. In addition to bi- 
coidy nanosy and the terminal system, maternal hunchback 
and caudal gradients are formed after fertilization by trans- 
lational regulation. These maternal gradients regulate eight 
gap gene domains (zygotic hunchback and giant are ex- 
pressed in two gap domains each), which again determine 
the seven-stripe patterns of primary pair-rule genes. Sec- 
ondary pair-rule genes are usually expressed segmentally 
(i.e., in 14 stripes), as are the segment-polarity genes 
whose pattern depends on that of primary and secondary 
pair-rule genes. Several genes have distinct roles on more 
than one level, hunchbacky for example, functions as both, a 
maternal gradient and a gap gene, and runt as well as even- 
skipped are first expressed in seven and later in 14 stripes, 
i.e., they may function as pair-rule and as segment-polarity 
genes. Note that only a subset of all known interactions is 
shown, i.e., the regulation of only one primary pair-rule 
gene, and one segment-polarity gene are depicted. Gene 
symbols: bicoid (bcd)y hunchback (hb)y nanos (nos), caudal 
(cad)y giant (gt)y Kruppel (iCr), knirps (kni)y tailless (t//), 
huckebein (hkb)y hairy (h)y even-skipped (eve), runt (rwn), 
fushi tarazu {ftz)y paired (prd), sloppy-paired (s/p), odd- 
skipped (odd)y wingless (wg), engrailed (en), hedgehog {hh)y 
cubitus interruptus (ci) and gooseberry (gsb) 



regulated by maternal signals and which in turn 
are directly involved in regulating the next level 
of the hierarchy, the pair-rule genes. Five of the 
six gap genes are transcription factors with Zn- 
finger domains as the DNA-binding motifs, and 
the remaining one {giant) has a basic domain fol- 
lowed by a leucine zipper motif. The expression 
domains of the gap genes are largely consistent 



with their phenotypic effects, hunchback is ex- 
pressed primarily in an anterior domain, Kruppel 
in the middle of the embryo and knirps in a 
posterior domain (Fig. 8). Altogether, the six gap 
genes are expressed in eight overlapping domains 
which cover the whole segmented region. As we 
will discuss in Section 19.7, the graded borders 
of these domains again provide positional infor- 
mation (on a smaller scale) for regulation of 
pair-rule gene patterns. Also on this level, diffu- 
sion of protein products between neighboring 
nuclei of the (still syncytial) blastoderm is prob- 
ably essential for formation of these short-range 
gradients. 

19.6.2 

Pair-Rule Genes 

Mutations in pair-rule genes affect alternating 
segments. For example, in embryos mutant for 
even-skipped, the denticle belts in the first and 
third thoracic, as well as in all even-numbered ab- 
dominal segments are deleted. These phenotypes 
came as a surprise in the mutagenesis screens be- 
cause no previous experiments had suggested that 
segmentation involves the transient existence of 
double segmental units. Most pair-rule genes code 
again for transcription factors belonging to five 
different classes of DNA-binding motifs. In the 
early blastoderm, pair-rule genes are expressed in 
seven equally spaced stripes throughout the seg- 
mented region of the embryo (Fig. 8). The stripes 
of the different genes are shifted relative to each 
other, and these overlapping domains serve to 
specify more narrow stripes at the next level of 
the hierarchy. Four of the eight most-studied pair- 
rule genes are directly regulated by gap genes. 
Analysis of the upstream regions of these primary 
pair-rule genes has shown that the expression of 
each of their stripes is individually regulated by a 
separate enhancer element. Therefore, each of the 
primary pair-rule stripes is set up independently, 
by responding to a different combination of spa- 
tial cues from gap genes. For example, the second 
runt stripe is formed at the position where the 
giant and Kruppel domains overlap, while the 
third runt stripe is formed by a separate element 
which is regulated by hunchback and knirps. Once 
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Fig. 8. Left The three groups of segmentation genes, exempli- 
fied by one representative each, i.e., the gap gene Kruppel 
(fop), the pair -rule gene hairy (middle) and the segment- po- 
larity gene engrailed (bottom). The expression patterns of 
these genes are visualized by staining early embryos with an- 
tibodies against the respective gene products. Note that these 
patterns arise at progressively later stages; right overview 
over the patterns of other members of each class. 7 bp pro- 
tein distribution of the eight gap gene domains along the 
anterior-posterior axis of the embryo. Middle the stripe pat- 
terns of the primary pair- rule genes are shifted relative to 
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each other, such that hairy and runU as well as eve and ftz 
form complementary patterns (three of the seven stripes 
are depicted for each gene). Bottom interaction between 
ENGRAILED (EN) and WINGLESS (WG) expressing cells. 
EN is a transcription factor and localized in the nucleus, 
EN-expressing cells also express HEDGEHOG (HH), which 
is secreted, as is WG. The WG and EN stripes are stabilized 
throughout development by a regulatory loop which in- 
volves signal transduction pathways, of which only the re- 
ceptors are shown here: PATCHED (PTC) is the HH recep- 
tor, and PRIZZLED-2 (PZ-2) the WG receptor 




the seven-stripe patterns of the primary pair- rule 
genes are established^ additional (secondary) pair- 
rule genes become expressed, first in patterns of 
seven stripes. Later in the blastoderm stage, most 
pair-rule genes are expressed in segmental pat- 
terns. How the secondary pair-rule patterns are 
generated by primary pair-rule interactions is stiU 
not completely clear because the complexity of 
this regulatory network has so far escaped a com- 



prehensive description. Together, the segmental 
and double-segmental stripes regulate the initial 
expression of segment-polarity genes. 

Segment Polarity Genes 

Mutations in this third class of genes cause the 
loss of portions of segments, which is often ac- 
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companied by inverted duplications of the re- 
maining structures. The segment primordia at the 
blastoderm stage are about four cells wide. Molec- 
ular probes for segment polarity genes show that 
they mark compartments within each segment as 
early as the cellular blastoderm stage, engrailed, 
for example, is expressed in precise stripes one 
cell diameter wide. The posterior border of each 
engrailed stripe defines the later segment bound- 
aries while the anterior border defines the para- 
segmental boundaries. The latter are boundaries 
of clonal restriction, and parasegments also are 
the units of segment identity, i.e., the units of 
homeotic gene action, engrailed is a putative tran- 
scription factor, containing a homeobox as the 
DNA-binding domain. The engrailed expressing 
cells also express hedgehog, a secreted protein. 
The engrailed/hedgehog stripes are anteriorly 
abutted by cells expressing wingless, another se- 
creted factor. The expression of these genes are 
interdependent (Fig. 8), i.e., engrailed is not stably 
expressed in wingless mutants and vice versa. 
Since cellularization is complete at the time of the 
first expression of the segment polarity genes, 
these cells must make use of signal transduction 
pathways in order to interact. A number of genes 
are known to function in these pathways, some of 
which are maternally expressed. The receptors in 
these interacting signal transduction pathways are 
frizzled-2, the wingless receptor, and the hedgehog 
receptor patched. One significant feature of the 
segment polarity genes is that their expression 
persists throughout embryonic development, indi- 
cating that they are required for maintenance of 
the cellular states that they define. This is similar 
to the homeotic genes, which also are required 
throughout development, but different from the 
gap and pair-rule genes, whose expression in the 
segmentation cascade is transient. 



19.7 

The Interpretation of Positional Information^ 

The expression patterns of zygotic genes are cre- 
ated by a multitude of regulatory interactions. 
However, most of these processes conform to a 
few principles, the most important of which are 
the creation and interpretation of positional infor- 



mation. It has been shown with particular clarity 
for the anterior signal bicoid that its local concen- 
tration encodes positional information. By manip- 
ulating the copy number of functional bicoid 
genes in the genome of the mother, a direct rela- 
tionship between local bicoid concentration and 
the position of embryonic primordia was demon- 
strated. Embryos produced by mothers that are 
homozygously mutant for bicoid lack head and 
thoracic structures. If at least one copy of the 
gene is present, head and thorax are formed and 
the larva can survive. Nonetheless, the fate map 
of an embryo with half the wild type dosage is al- 
tered in comparison to wild type. Fate map 
changes can be inferred by analyzing the expres- 
sion pattern of zygotic segmentation genes, for 
example the pair-rule gene fushi tarazu, which is 
normally expressed in seven stripes at defined 
positions along the embryo. Lowering the gene 
dose of bicoid causes fushi tarazu stripes to shift 
anteriorly in a coordinated manner, while increas- 
ing the bicoid gene dose causes them to shift pos- 
teriorly (Fig. 9). Therefore, the consequence of a 
local change in bicoid concentration is that cells 
at a given position adopt more posterior or more 
anterior fates, i.e., the fates that are found in wild 
type at corresponding concentrations of bicoid. 

How does the zygotic gene cascade read mater- 
nal positional information, i.e., how does bicoid 
define the position of embryonic primordia? The 
bicoid gene codes for a transcription factor that 
has a homeo domain as the DNA-binding motif, 
and it regulates most of its target genes at the lev- 
el of transcriptional regulation. The regulation of 
one bicoid target gene has been studied in special 
detail, i.e., the regulation of the anterior domain 
of the gap gene hunchback, hunchback transcrip- 
tion is activated by bicoid in a concentration-de- 
pendent manner such that the hb promoter is ac- 
tive above a certain threshold concentration of bi- 
coid but inactive below this threshold. In this 
manner, the shallow bicoid gradient is used to 
generate a relatively sharp posterior boundary for 
the hunchback domain. Threshold mechanisms 
like this are essential for translating shallow gra- 
dients into more precise and detailed expression 
patterns for downstream genes. In the case of 
hunchback activation, the molecular basis for this 
threshold response is known. Several bicoid bind- 
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ing sites were identified in the hunchback up- 
stream regioHj among them three that are bound 
with high affinity, BICOID protein binds coopera- 
tively to these siteSj and this cooper ativity results 
in a sigmoidal response of the promoter to in- 
creasing bicoid concentrationSj similar to the well- 



Fig* 9 a, b. Function of the BICOID gradient, a and b show 
the distribution of bicoid mRNA and protein in wild^type 
embryos. B1 to B4 depict embryos with one to four copies 
of maternal bicoid. Increase of the bicoid gene dosage re- 
sults in the production of more BICOID protein such that 
equivalent concentrations occur at more posterior positions 
in the egg. The shape of the BlCOiD gradient ifuu lines in 
the gra^s m left column) was measured by densitometric 
tracings of embryos stained with a bicoid antibody. The 
broken lines represent the measurements of the wild-type 
gradient which is equivalent to two copies of bicoid. The 
embryos in the right column show the effect of bicoid dosis 
on the expression of FUSHI-TARAZU stripes in the devel- 
oping embryo (Driever and Niisslein-Volhard 1988) 



known binding response of oxygen to hemoglo- 
bin, At low concentrations only one or two of the 
binding sites wiil be occupied by BICOID protein, 
and this binding is not stable, i*e*, the proteins 
will soon fall off the DNA again. However, with 
increasing concentrations of bicotdy all three sites 
may be occupied, and cooperative binding can 
then stabilize this protein/DNA interaction such 
that the promoter is transcribed with maximal ef- 
ficiency Of course, this sigmoidal response mech- 
anism does not result in a precise border of 
hunchback; rather, the very shallow bicoid gradi- 
ent is transformed by the hunchback promoter 
into a steep short-range gradient of hunchback 
transcription, forming the posterior border of the 
hunchback domain (Fig* 10 A}. This short range 
gradient can then be used again to regulate the 
even more precise boundaries of pair-rule gene 
stripes. Therefore, variation of the bicoid dosage 
leads indirectly to a shift of pair-rule stripes. 

In addition to hunchback^ the bicoid gradient 
also regulates the spatial expression of several 
other gap genes. In most cases, these regulatory 
actions are more complex {and less well under- 
stood) than in the case of the anterior hunchback 
domain. However, a general principle evident in 
many of the regulatory events in the segmentation 
cascade is the use of cooperative interactions of 
transcription factors on their target DNAs to gen- 
erate an increasingly detailed pattern of expres- 
sion in a stepwise manner* These cooperative in- 
teractions usually involve multiple binding sites 
and various factors, and they are found in tran- 
scriptional inhibition, as well as in activation, of 
target genes. As one additional example in 
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Fig, 10 A, B, Pattern refinement by cooperative regulation* 
A Regulation of the anterior (zygotic) hunchback {hb) 
domain by the bicoid gradient. Cooperative binding of 
BICOID (BCD) to the hunchback promoter results in a sig- 
moidal response such that a relative small change in BCD 
concentration results in a switch of the hunchback promo- 
ter from near- zero to maximal activation. This mechanism 
also can generate smaller domains as is demonstrated by 
an artificial transgene which expresses lacZ under the con- 
trol of a promoter containing iow-alfinity BCD -binding 
sites* B Primary pair-rule stripes are regulated by gap gene 
gradients through stripe-specific elements in the upstream 
regions of pair- rule genes* The second even-skipped (eve) 
stripe is generated through activation by bicoid (bed) and 
hunchback {hb)y concomitant with inhibition by giant (gt) 
and KrUppei (Kr) 



Fig. 10 B we show the regulation of a pair-rule 
stripe, stripe two of the even-skipped gene* This 
stripe is activated by bicoid and hunchback^ and it 
is inhibited by the gap genes giant and Kruppel 
These interactions activate the even-skipped pro- 
moter at one specific position in the embryo* The 
regulatory element responsible for this stripe con- 



tains multiple binding sites for these factors, and 
cooperativity in binding (or cooperativity in in- 
teraction with the basal transcription machioery) 
is probably responsible for the sharp boundaries 
that characterize the stripes of pair-rule genes* 
The upstream region of even-skipped contains sev- 
eral such stripe -specific elements which largely act 
independently of each other, such that the complete 
stripe pattern is put together as a composite of in- 
dependent elements* 

The ventral signal, i.e*, the gradient of nuclear 
DORSAL protein, operates in a manner similar to 
bicoid. For example, it activates the ventrally ex- 
pressed zygotic gene twisty in a manner compar- 
able to bicoid regulation of hunchback; moreover, 
it has been argued that the rhomboid gene, which 
is expressed in a vent ro- lateral stripe, is regulated 
similar to the second even-skipped stripe. Also the 
terminal signal is likely to act along such rules, 
although in this case the transcription factor at 
the end of the transduction pathway is not yet 
known* 

The posterior NANOS gradient, however, func- 
tions in a radically different way* NANOS is not a 
transcription factor, and it does not directly inter- 
act with gap gene promoters* Instead, its function 
in pattern formation consists of translational 
repression of a maternal hunchback transcript 
hunchback is zygotically expressed in two do- 
mains (Fig. 8), the anterior of which is under 
transcriptional control by bicoid. However, hunch- 
back is also expressed maternally, and the mater- 
nal transcript is homogeneously distributed in the 
egg* By prohibiting translation of this transcript, 
the posterior nanos gradient ensures that mater- 
nally provided hunchback protein only appears in 
the anterior half of the egg, i*e*, in the same re- 
gion where a little later the zygotic expression will 
appear* Another posterior gene, pumilio, assists 
nanos in this regulation, and direct binding of 
PUMILIO protein to hunchback mRNA has been 
demonstrated* Therefore, maternal and zygotic 
hunchback expression are regulated very differ- 
ently but to the same end, i*e*> to produce an 
anterior expression domain and a gradient ex- 
tending into the posterior half of the embryo* 
This gradient is required for the organization of 
the abdominal region by acting as a concentra- 
tion-dependent activator and repressor on the gap 



19 Formation of Embryonic Axes and Blastoderm Pattern in Drosophila 327 



genes KriXppel, knirps and giant. Thus, the fact 
that in nanos mutant embryos no abdominal seg- 
ments are formed is due to the repressing effects 
of elevated hunchback concentration on knirps 
and giant in the posterior half of the embryo. In- 
triguingly, rescue of abdomen formation can be 
achieved in nanos mutant embryos, if they also 
lack maternal hunchback expression, and zygotic 
hunchback function is provided by the sperm. 
The zygotic domain can functionally replace the 
missing maternal domain, i.e., the maternal 
hunchback domain is more or less redundant. 
However, since this maternal expression happens 
to be there, its regulation by nanos is essential for 
survival of the embryo. Thus, the posterior sys- 
tem functions to assist the anterior system in reg- 
ulation of hunchback during early stages of devel- 
opment, but it does not directly control the ex- 
pression of abdominal gap genes. Instead, these 
are regulated by hunchback^ as well as by the pos- 
terior gradient of the terminal system. 

19.8 

Patterning Accuracy and Size Reguiation^ 

As we have seen, the maternal positional informa- 
tion is transformed by zygotic genes into very de- 
tailed qualitative positional information like, for 
example, the narrow stripes of segment polarity 
genes. The precision of this process is astonish- 
ing. If the anterior and posterior borders of a giv- 
en engrailed stripe were to be directly read from 
the bicoid gradient, it would be necessary to use 
threshold mechanisms that can distinguish min- 
uscule differences in bicoid concentration. It is 
not surprising, therefore, that the interpretation 
of maternal gradients is achieved through a cas- 
cade mechanism where increasingly finer subdivi- 
sions of the blastoderm embryo are achieved in 
successive steps. 

We should point out, however, that another as- 
pect of the zygotic gene cascades is probably as 
important as stepwise refinement. At each level of 
the anterior-posterior and dorso-ventral cascades, 
there are horizontal interactions which function 
to sharpen the patterns generated. For example, 
the gap genes Kruppel and giant inhibit each 
other. The three expression domains of these two 



genes (Fig. 8) initially overlap, but the mutual re- 
pression among the domains serves to minimize 
this overlap. Therefore, this interaction ensures 
precisely balanced overlapping gradients of gap 
gene domains - which is necessary to achieve 
regularly spaced stripes on the next level of the 
cascade, the pair-rule genes, since they are regu- 
lated by these short range gradients. Interactions 
of this kind help to buffer the patterning system, 
which is required, for example, to compensate the 
variability in egg size that is observed in Droso- 
phila embryos. Similar negative interactions are 
also known to occur at the level of maternal 
genes: bicoid translation is inhibited by nanos as 
is hunchback translation - which probably helps 
embryos with six bicoid copies to survive. Also at 
the pair-rule level, negative interactions between 
hairy and runt, for example, help both genes to 
achieve their perfectly regular stripe patterns. 
And in dorso-ventral development, negative inter- 
actions between the genes short gastrulation and 
decapentaplegic likewise function to increase the 
precision of the patterning process. In addition to 
these simple mutual inhibitory interactions, there 
are probably more complex horizontal interac- 
tions that ensure, for example, the proper phasing 
of the different pair-rule patterns. 

19.9 

Outlook^ 

Analysis of early Drosophila development has led 
to the molecular identification of over a hundred 
genes with specific functions in the embryo. For 
many of these genes, homologues have been iso- 
lated from other species, especially vertebrates. 
Most of these are not only conserved in their bio- 
chemical function, but appear to act in similar 
pathways. For example, the ventral signaling path- 
way is clearly related to a regulatory pathway that 
functions in the vertebrate immune system, and 
the wingless eind hedgehog signaling pathways are 
conserved in vertebrates and employed at several 
instances during development. More importantly, 
a number of homologues are expressed at similar 
spatial positions in the vertebrate embryo, i.e., 
Hox genes, and genes that are expressed in the 
head and tail of both. Drosophila and vertebrate 
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embryos. Strong similarities among arthropods 
and vertebrates were also found in the expression 
of later acting dorso-ventral genes, and genes pat- 
terning the appendages. The evident homology of 
developmental pathways in diverse taxa allows im- 
portant extrapolations to the morphological orga- 
nization of ancestral organisms and the course of 
evolution. Most Drosophila researchers are now 
working on later aspects of embryogenesis, i.e., 
the formation of internal organs, or the pattern- 
ing of the compound eye and appendages during 
postembryonic development. Also these topics are 
certain to result in the identification of new fac- 
tors and mechanisms which again should be rele- 
vant for understanding development in other or- 
ganisms. 

Nonetheless, study of early development re- 
mains an important topic for future research in 
Drosophila, Although our present picture appears 
fairly complete, we know that many important 
genes are still missing from the picture. One 
problem is that many maternal factors are likely 
to have escaped detection in mutagenesis screens. 
One essential finding from the analysis of Droso- 
phila development is that most developmental 
genes are used several times during development. 
Most pair-rule genes, for example, are also ex- 
pressed (and probably functional) during forma- 
tion of the central nervous system. Similarly, it 
was found that many zygotically required genes 
also function during oogenesis. Therefore, the 
gene set that was identified in screens for mater- 
nal mutations is certainly incomplete since only 
some of those with zygotic as well as maternal 
functions can mutate in such a manner that the 
maternal function is affected while the zygotic 
function is preserved (which is necessary for a 
homozygous female to survive into adulthood and 
produce mutant offspring). Another reason why 
relevant genes may have escaped detection is that 
a surprising number of Drosophila genes have 
been found to be duplicated. In many cases, dup- 
licated genes still share developmental functions, 
and this redundancy is a severe obstacle to identi- 
fication by mutagenesis. Identification of these 
missing links will be possible by use of more so- 
phisticated mutagenesis screens which can identi- 
fy maternal functions of zygotically required 
genes by the routine induction of germ line and 



follicular clones. In addition, the ongoing geno- 
mics projects will identify all early acting genes 
that are expressed in interesting spatial pattern. 
Thirdly, missing steps in signal transduction path- 
ways will be identified biochemically. A truly 
comprehensive understanding of early Drosophila 
development therefore should be achieved within 
a reasonably short time period. 



19.10 

Summary 



The systematic genetic dissection of pattern for- 
mation in the Drosophila embryo revealed princi- 
ples of how spatial patterns can be generated at 
the molecular level. The molecular basis of posi- 
tional information is very diverse, and it appears 
that virtually every regulatory pathway present in 
eucaryotic cells can also be used to define the 
spatial pattern of the embryo. Regulatory gradi- 
ents can arise by diffusion of transcription factors 
{bicoid and the gap gene products), by transla- 
tional regulation {nanos/huchback) or by regula- 
tion of nuclear translocation in response to a sig- 
nal transduction pathway (dorsal). Intracellular 
transport of specific RNAs and organelles is pivo- 
tal in the generation of oocyte polarity, and addi- 
tional cellular mechanisms are probably involved 
in those aspects of oocyte patterning which are 
still the subject of intense research today. The 
interpretation of maternal positional information 
is achieved by complex cascades of interacting 
zygotic genes where stepwise refinement is com- 
bined with horizontal control mechanisms to gen- 
erate detailed and precise patterns of gene expres- 
sion that define the embryonic primordia. The 
conservation of many developmental genes and 
pathways in other phyla has allowed our knowl- 
edge of Drosophila embryogenesis to become the 
basis for developmental analysis of other taxo- 
nomic groups, including vertebrates. 
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20 Early Neurogenesis in Drosophila 

Jose A. Campos-Ortega 



20.1 

Introduction 



One of the main questions in developmental biol- 
ogy concerns the origin of cell diversity: how do 
developing cells differentiate the many types that 
make up any multicellular organism? This is a dif- 
ficult problem which has been approached with 
more or less success in a variety of developmental 
processes and organisms. A case in point is the 
development of the neural progenitor cells in the 
fruitfly Drosophila melanogaster. In insects, the 
cells of the central nervous system (CNS) and of 
the sensory organs are generated by the prolifera- 
tion of special progenitors, the neuroblasts and 
the sensory organ progenitor cells (SOPs). 
Whereas the former develop from the neuroecto- 
derm of the embryo, the latter originate within 
the epidermis during later stages of development. 
However, both cell types have in common that 
they arise within groups of equivalent cells called 
proneural clusters. The cells of these clusters have 
to decide between taking on a neural fate devel- 
oping as neuroblasts or as SOPs or taking on an 
epidermal fate and developing as progenitor cells 
of the epidermis. Commitment and specification 
of central and peripheral neural progenitors fol- 
low similar principles and obey similar rules. 
Thanks to the combination of embryological, clas- 
sical genetic, and molecular approaches, our un- 
derstanding of how the neural progenitors of Dro- 
sophila develop has progressed considerably dur- 
ing the past 20 years. 

According to the currently favoured hypothesis, 
the commitment of the neuroblasts involves a se- 
quence of three steps. In the first step, all the neu- 
roectodermal cells acquire the ability to take on a 
neural fate, whereby contiguous groups of about 



four to five cells, the proneural clusters, are 
endowed with the potential to give rise to a spe- 
cific type of neuroblast. In the second step, one 
cell in each group is singled out and segregates 
from the proneural cluster to form part of the pri- 
mordium of the CNS, as a particular type of 
neuroblast. In the third step, the specified neuro- 
blasts send inhibitory signals to the surrounding 
cells of the cluster, preventing them from also 
following a neural fate and permitting them to as- 
sume an epidermal fate. This step is referred to as 
lateral inhibition. 

Proneural clusters are defined by the realms of 
expression of the proneural genes, which encode 
transcriptional activators of the basic-helix-loop- 
helix (bHLH) family. The current evidence sug- 
gests that the cells of the proneural clusters, 
although all endowed with neurogenic capabil- 
ities, are not strictly equivalent. One in each 
group is biased towards neurogenesis, and this 
cell will eventually take on a neural fate. Thus, 
the process of selecting a particular cell of the 
cluster as a neuroblast, i.e., the second step in the 
model, is apparently a consequence of the pre- 
vious developmental history of the cells of the 
cluster. Most work in recent years has been done 
on the analysis of lateral inhibition, the third step, 
which gives the remaining cells of the cluster ac- 
cess to epidermal development. In the Drosophila 
neuroectoderm, lateral inhibition is mediated by 
the Delta-Notch signalling pathway which involves 
the products of the so-called neurogenic genes. 
The biasing of one cell towards neurogenesis de- 
termines an unequal distribution of neurogenic 
capabilities in the cells of the cluster; as a conse- 
quence, that particular cell emits inhibitory sig- 
nals more strongly than the others, initiating a 
feed-back loop that leads to neuroblast commit- 
ment. The Delta-mediated signals emitted by the 
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prospective neuroblast activate the Notch receptor 
in the adjacent cells; transduction of the signal 
leads to transcriptional activation of the genes of 
the Enhancer of split gene complex [E(spZ)-C], 
mediated by the transcription factor encoded by 
the Suppressor of Hairless [Su(H)] gene. The pro- 
teins encoded by the E(sp/)-C, together with the 
protein encoded by the gene groucho, eventually 
suppress proneural activity in the cells that ex- 
press them and initiate their development as epi- 
dermal progenitors. This, in turn, causes a reduc- 
tion in Delta activity and, consequently, the effi- 
cacy of the antineural signals emitted by these 
cells is weakened, reinforcing the proneural bias 
of the prospective neuroblast. 

This chapter considers in detail the hypothesis 
summarized above, presenting and discussing the 
experimental evidence on which it is based. This 
discussion is preceded by a short description of 
the cellular basis of neuroblast development. 

20.2 

Cellular Aspects of Neurogenesis 

20.2.1 

The Formation of the Neuroectoderm 
and the Segregation of Neuroblasts ^ 

In wild-type Drosophila melanogaster^ the neuro- 
genic region, or neuroectoderm, becomes mor- 
phologically manifest in early embryogenetic 
stages (Fig. 1). It consists of two regions, the ven- 
tral neuroectoderm, which gives rise to the neu- 
roblasts of the ventral nerve cord, and the proce- 
phalic neuroectoderm, which gives rise to the 
brain. Since most of the work has been done on 
the ventral neuroectoderm, the following discus- 
sion will deal exclusively with this region. In the 
territory of the trunk the ectoderm becomes sub- 
divided into a lateral sector, comprising small cy- 
lindrical cells, and a medial area made up of large 
cuboidal cells (Fig. 1 B). The lateral part will dif- 
ferentiate during later stages into the dorsal epi- 
dermis with its annexes, whereas the medial sec- 
tor represents the ventral neuroectoderm itself, 
from which the ventral cord and the ventral epi- 
dermis will develop. Virtually all of its cells en- 
large to become conspicuously different from the 



cells of the dorsal epidermal anlage. After the 
neuroblasts have segregated from the ventral neu- 
roectoderm into the interior of the embryo 
(Fig. 1 C), the cells remaining on the exterior 
shrink to become indistinguishable from those of 
the lateral epidermal primordium. 

Neuroblast delamination follows a simple 
scheme. Single cells in the ventral neuroectoderm 
adopt the shape of an inverted bottle with the nu- 
cleus displaced inwards. The apical cytoplasmic 
process, the neck of the bottle, persists for some 
time wedged between the remaining cells of the 
ectoderm, and is finally withdrawn such that each 
neuroblast rounds up and starts dividing. Neuro- 
blast segregation takes approximately 3 h to com- 
plete, and occurs in pulses which give rise to dif- 
ferent subpopulations of neuroblasts. A total of 
five pulses of neuroblast segregation, and five dif- 
ferent subpopulations of neuroblasts (SI to SV), 
have been distinguished using histology and a 
variety of molecular markers. 

20.2.2 

The Pattern of Neuroblasts ^ 

SI and SII neuroblasts are arranged in three regu- 
lar longitudinal rows; this arrangement is appar- 
ently a consequence of the order in which they 
leave the ectoderm (Fig. 2). Up to the segregation 
of SII neuroblasts, this pattern is highly regular 
and constant, allowing individual cells to be iden- 
tified in different embryos on the basis of their 
position in the lattice. Typically, the neuroblast 
lattice consists of 57 transverse rows on either 
side of the embryo, each with a fairly stereotypic 
composition. Differences in the neuroblast com- 
plement of the different segments become clearly 
evident after segregation of Sill neuroblasts 
(Fig. 2B); these differences affect maxillary, labial 
and thoracic segments, which contain more neu- 
roblasts than abdominal segments. However, all 
these differences appear to be only transitory and 
the definitive neuroblast pattern appears to be es- 
sentially sterotypic in all neuromeres. There is a 
total number of 28-30 neuroblasts per hemiseg- 
ment (Fig. 2C). 
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Fig. 1 A-E, Transverse sections of increasingly older em- 
bryos to illustrate the development of the neuroblasts. 
Shortly after gastrulation (B), the cells of the ventral neu- 
roectoderm (VNE) enlarge. Separating the ventral neuro- 
genic region from the mesodermal anlage (ms) is the me- 
sectodermal anlage (mec), which consists of a single row of 
cells on either side of the embryo. Neuroblasts (>;d) delami- 
nate in pulses, or wavesj from the nenroectoderm. The first 
two waves yield three rows of neuroblasts on either side 



(C). Additional neuroblasts segregate from predominantly 
medial positions throughout later stages (D). Shortly after 
segregation, neuroblasts start dividing with a perpendicu- 
larly oriented spindle. Their progeny (D,E), the ganglion 
mother cells lie between the neuroblasts and the me- 

soderm (ms). Each ganglion mother cell performs one sym- 
metric division, yielding two neurons (E). mp Midline pre- 
cursors; mg midgut; myo myoblasts; pn peripheral nerve. 
(After Campos-Ortega and Hartenstein 1997) 
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Fig. 2A=C. Pattern of neuroblasts at three 
developmental stages. Broken transverse lines 
indicate metameric boundaries. The regular 
double row of grey rectangles in the center re- 
presents the mesectoderm. Neuro blasts are 
shown as circles^ with different tonalities of 
gray representing different subpopulations. 
Nomenclature according to Doe (1992). The 
first subpopulation (A), SI neuroblasts, form 
two regular columns with four neuroblasts per 
metajnere on either side of the midline, and 
another two in an intermediate row. Two of 
the SI neuroblasts (MP2, empty circles) per 
neurbmere do not divide as stem cells, but 
undergo only one further division before their 
progenies differentiate as neurons. Slightly 
later (B), another two subpopulations of neu- 
roblasts, SII and Sill, delaminate. SIl neuro- 
blasti form an intermediate column, Sill neu- 
roblasts appear as metameric clusters in the 
medial and lateral columns. During later 
stages, SlV and SV neuroblasts delaminate 
also as metameric clusters, mainly in between 
the lateral and intermediate columns. 

(After Campos-Ortega and Hartenstein 1997) 



20,23 

The Proliferation of the Heyrotilasts^ 

Immediately after segregating from the ectoder- 
mal germ layer^ each neoroblast rounds up and 
begins to divide within 10-*20min. In the devel- 
oping ventral cord, neuroblasts divide asymmet- 
rically, i.e., they follow a stem-cell pattern of pro- 



liferation, giving rise after each mitosis to a gan- 
glion mother l^ell and a neuroblast that again 
divides asymmetrically. Ganglion mother cells in 
various parts ojf the CHS of insects have been re- 
ported to undergo a single symmetrica] mitosis 
that yields tw6 neurons. In the Drosophila em- 
bryo, the duration of the cell cycle in ganglion 
mother cells is approximately 100 min. 
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During embryogenesis, the overwhelming ma- 
jority of neuroblasts divide parasynchronously at 
regular intervals of 40-50 min. After each di- 
vision, the size of the neuroblasts progressively 
decreases and, at later stages, they are hardly dis- 
tinguishable from ganglion mother cells and dif- 
ferentiating neurons. Nevertheless, single germ 
band neuroblasts remain distinguishable until late 
in embryogenesis, dividing according to the same 
asymmetrical pattern seen in previous stages. 

20 . 2.4 

The Neuroblast Lineages^ 

Recently, a technique has been developed that per- 
mits labelling of neuroblasts by application of 
l,r-dioctadecyl-3.3.3',3'-tetramethylindocarbocya- 
nine perchlorate (Dil) to single neuroectodermal 
cells. This technique is the first available tool for 
the study of this very difficult problem, and im- 
portant results have already been obtained with 
it. Thus, the composition of the lineages of the 
mesectodermal cells and of those of each type of 
neuroblast have already been analyzed. The main 
conclusion of these papers is that each neuroblast 
gives rise to a different sterotypic lineage, made 
up of a fairly constant number of cells with repro- 
ducible morphologies. The size of the lineages 
was found to vary between 2 and 22-24 cells, de- 
pending on the neuroblast. In addition, several 
previously identified neurons and glial cells have 
been assigned to the lineage of particular neuro- 
blasts. 

20.3 

Genetic Aspects of Neurogenesis 

20 . 3.1 

The Genetic Network 

That Regulates Early Neurogenesis ^ 

The separation of neuroblasts and epidermoblasts 
is controlled by the neurogenic and the proneural 
genes, the products of which form a complex reg- 
ulatory network. Poulson called Notch a neuro- 
genic gene following the convention of naming a 
gene for the phenotype of the mutation that iden- 
tified it: Notch mutants have a highly hyperplasic 



nervous system. Accordingly, other genes which 
cause the same embryonic phenotype as Notch 
have also been called neurogenic. Despite this 
name, the neurogenic genes function to promote 
epidermal development. Proneural genes are those 
which promote neural development, being re- 
quired for the commitment of neuroectodermal 
cells as neuroblasts. 

All the neurogenic genes were discovered by 
means of mutations that lead to embryonic lethal- 
ity when homozygous. However, chromosomes 
carrying the mutations can be kept over appropri- 
ate, so-called balancer chromosomes, which carry 
inversions to avoid meiotic recombination and 
dominant markers. The phenotypes of the neuro- 
genic mutations can be easily analyzed in the de- 
veloping homozygous embryos (Fig. 3) that result 
from the cross of heterozygotes. Loss-of-function 
of any of the neurogenic genes causes most ecto- 
dermal cells to develop as neuroblasts (Fig. 3 
A-D). This involves the entire neuroectoderm and 
the regions from which larval sensory organs de- 
velop, all the cells of which take on a neural fate. 
Therefore, the wild-type functions of the neuro- 
genic genes are formally required to suppress 
neural development in a large fraction of ectoder- 
mal cells and thus allow these cells to develop as 
epidermal progenitors. This process is called lat- 
eral inhibition (see below). Evidence from various 
kinds of genetic analyses indicates that the neuro- 
genic loci are functionally linked in a chain in 
which the E(sp/)-C is the last link. Hence, the 
function of each of these genes is dependent on 
that of another member of the group and, conse- 
quently, the function of the entire chain is per- 
turbed if any one of the links is missing. 

Embryos homozygous for loss-of-function mu- 
tations in the proneural genes exhibit a highly hy- 
poplasic CNS and severe defects in the peripheral 
nervous system (PNS); that is to say, proneural 
mutations have a somewhat reciprocal pheotype 
to that of neurogenic mutations (see Fig. 4). Thus, 
20-25% of all neuroblasts are missing in embryos 
lacking the achaete-scute gene complex (AS-C); 
that is to say, these embryos initiate neurogenesis 
with fewer than the normal number of neuro- 
blasts (Fig. 4 A, B). In addition, during later 
stages, large numbers of cells degenerate within 
the neural primordium of AS-C mutants. How- 
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Fig.3A-a Two stages in the evolution of the neuroblast 
pattern in the wild -type and of the neuralizatten of the ec- 
toderm in the neurogenic mutant Df(3R)Uf^^ (a complete 
deletion of the Delta gene). Neuroblasts (arranged in rows, 
arrows in A) and sensory organ mother cells {arrowheads 
in B) have been made visible with an antibody against /?- 
galactosidasst with a secondary antibody coupled with alka- 
line phosphatasei the embryos have also been stained with 
an anti-e??vra;7ed antibody (secondary antibody coupled to 
HRP) to label the metameric boundaries. All embryos were 
dissected and mounted flat to show the germ band in its 



ever^ tfie CNS of these mutants still contains a sig- 
nificant number of neurons, indicating that other 
genes are also necessary for neuroblast commit- 
ment. 

203,2 

The Neural Decision Is Controlled 
by the Proneurat Gones^ 

The AS-C includes four geneSj achaetet scute^ 
lethal of scute and asense, the names being de- 
rived from the phenotypic effects of their muta- 



entire extent, anterior is to the top. In neural cells (neuro- 
blasts, sensory organ mother cells and their progenies), 
gaiactosidase expression is driven by a neural enhancer act- 
ing on a P-IflcZ- element inserted in a gene expressed in all 
neural progenitors. Notice that, as judged by the P-galacto- 
sidase activity, the number of neuroblasLs increases be- 
tween in the wild-J;ype. Correspondingly, the number of ec- 
todermal cells which have taken on neural fate in the mu- 
tants increases until the entire neuroectoderm is nenralized 
(compare A-B to (C-D) 



tions on bristle development and viability. In the 
neuroectodermal achaete and scute are both ex- 
pressed together in the same cellSj whereas lethal 
of scute is expressed in a different set of cells. 
However, the temporal pattern of transcription is 
similar for all three genes and correlates strongly 
with neuroblast segregation (Fig. 5). During early 
neurogenesis, expression of the three genes de- 
fines the pronenral clusters within the neuroecto- 
derm. One or two cells from each of these clus- 
ters delaminate ias neuroblasts. These cell clusters 
appear preceding each pulse of neuroblast segre- 
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Fig. 4, A wild-type embryo. B An embryo lacking the achaete- 
scute gene complex of approximately the same age. Both em- 
bryos were stained with anii- hunchback antibodies for selec- 
tive staining of the neuroblasts. Notice that the mutant has 
approximately 25% fewer neuroblasts than the wild type 



gation {Fig. 5A,B); their peculiar organization im- 
plies that by the end of the neurogenic period all 
the neuroectodermal cells will have expressed at 
least one of these three genes, whereas many cells 
will have expressed them two or more times. 
After delamination has taken place^ transcripts of 
the proneural genes remain detectable in the neu- 
roblasts for some time. Antibodies raised against 
lethal of scutey achaete and scute show a similar 
correlation between accumulation of protein and 
neuroblast segregation {Fig. 5C,D), This pattern 
of expression is strongly suggestive of a role for 
the AS-C genes in the commitment of the neuro- 
blasts. The proneural function of asense is appar- 
ently restricted to the development of specific 
sensory organs. 

As mentioned above, mutants lacking the AS-C 
have 20-25% fewer neuroblasts than the wild-type 
(Fig. 4 A, B). In addition^ increasing the number of 
copies of the AS-C genes by using duplications of 
the relevant chromosomal region leads to devel- 
opment of additional neuroectodermal cells as 
neuroblasts at the expense of the epidermoblast 
complement. The complementary phenotypes 
caused by decreasing and increasing the number 
of AS-C copies and, presumably the amount of 



the proneural gene products, strongly support the 
hypothesis that these products are responsible for 
the development of neuroectodermal cells as neu- 
roblasts. A similar role for these genes has been 
proposed with respect to the commitment of the 
sensory organ mother cells. ackaetCj scute and 
asense are essential for sensory organ develop- 
ment in the larva and imago, whereas lethal of 
scute is apparently dispensable for this process. 
However, misexpression of any one of the genes 
of the AS-C leads to development of ectopic exter- 
nal sensory organs. That is to say the proteins en- 
coded by scute, lethal of scute and asense are all 
four capable of recognizing the same target genes 
and activating their transcription. 

achaete, scute, lethal of scute and asense encode 
proteins of the bask -helix-loop -helix (bHLH) pro- 
tein family which form homodimers and hetero- 
dimers by means of the HLH motif and bind to 
specific DNA sequences by means of the basic do- 
main. The available evidence strongly suggests 
that the protein encoded by the daughterless gene 
(another bHLH protein) forms hetero dimers with 
each of the proneural proteins during SOP devel- 
opment. Additionally, there is in vivo evidence 
suggesting that lethal of scute requires daughter- 
less to activate ectopic neuronal development. 
These 6ndings strongly suggest that all these pro- 
teins control the neural pathway of development 
by acting as transcriptional regulators. A high de- 
gree of specificity and complexity in the regula^ 
tory functions of the corresponding genes may 
thus be achieved through the combination of dif- 
ferent proteins to form heterodimers. 

Jarman et al. (1993) found another proneural 
gene, atonal, which also encodes a bHLH protein 
and has a function complementary to that of the 
AS-C. atonal is essential for the commitment of 
the mother cells of internal sensory organs, and 
of the ommatidia of the compound eye where it 
specifies the R8 photoreceptor cells. However^ its 
function does not seem to be required for com- 
mitment of the neuroblasts. 

2033 

Physical Intoractlmts of Natch arid Delta^ 

Delta and Natch are essential parts of an intercel- 
lular communication pathway, mediated by direct 
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Fig. 5A-D. The egression pattern of the 
proneuTal gene achaet^. A A whole-moimt 
in situ hybridization with a degoxigenin 
ackaete probe. Notice the very regular pat- 
tern of achaeie-expressing proneural cell 
dusters in the dorsal region of the neuro- 
genic ectoderm prior to neuroblast segre- 
gation. Each cluster comprises about five 
to six iichaefe- transcribing cells. B,C,D 
Anti- achaete antibody stain ings* The em- 
bryo in B is of the same age as that in A, 
the protein shows the same distribution as 
the mRNA. C,D Slightly older embryos, 
after segregation of the first subpopulation 
of neuroblasts. Notice that achaete expres- 
sion is switched off in the neuroectoderm, 
but persists for some time in the segre- 
gated neuroblasts (niis). D Sagittal section 
to show the nuclear localization of the 
achaete protein. Notice, however, that not 
all the neuroblasts, identified as large, 
round cells between the mesoderm (ms) 
and the ectoderm (ect), express achaete 



protein-protein interactions^ that participates in a 
variety of developmental processes, including 
early iieurogenesis, where they transmit the sig- 
nals of lateral inhibition that we are presently dis- 
cussing, oogenesis, heart and gut development. 
Both genes encode transmembrane proteins with 
EGF-hke repeats in their extracellular domains. 
Although quantitative differences can be observed 
with respect to the amount of Notch protein in in- 
dividual cells, it appears to be ubiquitously ex- 



pressed during early developmental stages. Tran- 
scription of Delta is spatially regulated; however, 
during neuroblast segregation Delta RNA and 
protein are present in all ventral neuroectodermal 
cells in apparently equal amounts. 

Notch and Delta are both large proteins with a 
variety of structural motifs. However, very little is 
known about the specific functions of the various 
protein domains. A functional dissection of the 
protein domains of Notch and Delta has been at- 
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tempted by sequencing mutant alleles, on the one 
hand, and by using a cell aggregation assay, on 
the other. Mutations at the Notch locus with dif- 
ferent phenotypes, such as split, which causes 
compound eye roughening and splitting of bris- 
tles, and several Abruptex alleles, characterized by 
conspicuous defects in the wing vein pattern, ex- 
hibit single amino acid exchanges in specific, 
widely separated EGF-like repeats, i.e., the 14th in 
the case of split, and the 24th, 25th, 27th and 29th 
in the case of various Abruptex alleles. 

Two alleles of Delta suppress the phenotype of 
the split mutation but do not modify the pheno- 
type of Abruptex alleles. The two are associated 
with single amino acid exchanges in the 4th and 
9th EGF-like repeats, respectively. Studies on cell 
cultures provide support for a direct association 
between Notch and Delta, in that both proteins 
can mediate cell adhesion. Notch-mediated cell ad- 
hesion has been found to depend on EGF-like re- 
peats 11th and 12th; no EGF-like repeat of Delta 
is required for adhesivity, but the so-called DSL 
domain at the amino terminus of the protein is 
necessary. Suppression of split by Delta^^^^ is not 
compatible with a mechanism based on cell ad- 
hesion in vivo, since the behaviour of split-ex- 
pressing cells is not modified by aggregation with 
cells expressing the Delta^^^^ protein. This result 
suggests that intracellular signaling by split prod- 
ucts relevant to compound eye development is 
mediated by parts of the Notch protein other than 
those required to mediate cell adhesion. 

Direct interaction between Notch and Delta at 
the cell membrane involves a receptor-ligand rela- 
tionship. The available evidence points to Notch 
as the receptor and Delta as the source of regula- 
tory signals required for epidermogenesis within 
the neuroectoderm. The most convincing piece of 
evidence that Notch encodes a receptor for the lat- 
eral inhibition signal derives from the study of 
truncated variants of the Notch protein consisting 
only of the intracellular domain of the protein, 
called NoM^^^^. These variants behave as consti- 
tutively active receptors, their expression leading 
to a complete block in neurogenesis. Interestingly, 
Notch^^^^^ variants are localized to the nucleus. 



20.3.4 

The Transduction of the Regulatory Signals^ 

In addition to the EGF-like repeats in the extracel- 
lular domain. Notch exhibits a number of other 
motifs. Most conspicuous are the so-called CdclO/ 
Ankyrin repeats present in its intracellular do- 
main, which are assumed to be involved in trans- 
duction of the regulatory signals. The protein en- 
coded by the gene Suppressor of Hairless [Su(H)], 
a transcription factor which is capable of binding 
to the CdclO/Ankyrin repeats, appears to be an 
essential element in signal transduction. The 
Su(R) protein has been shown to activate tran- 
scription of the target genes of the E{spl)-C (see 
below). 

Two different models have been proposed to 
explain the function of Su(H) in signal transduc- 
tion. According to the first model, Sw(H) is nor- 
mally bound to the CdclO/Ankyrin repeats of the 
Notch protein; this association is disrupted and 
Sw(H) translocates into the cell nucleus as a con- 
sequence of Notch activation. The basis for this 
model is provided by the behaviour of Sw(H) in 
cell cultures: when Notch-expressing cells aggre- 
gate with De/ffl-expressing cells, Su(H) protein is 
found to be localized in the nucleus, whereas in 
Notch-expressing cells which are cultivated alone 
or bound to cells expressing Serrate, another li- 
gand of Notch, it is localized in the cytoplasm. 
However, the proposed nuclear translocation of 
Sw(H) is not observed in vivo. In the second mod- 
el, Su(H) tethers the intracellular domain of the 
Notch protein to its target genes. If Notch is not 
activated, Sw(H) acts as a repressor to suppress 
transcription of E(sp/)-C genes; following activa- 
tion of Notch, its intracellular domain is proposed 
to act as a coactivator of transcription, and this 
leads to activation of the E(sp/)-C genes. Unfortu- 
nately, immunostaining does not provide support 
for this model, since all available antibodies fail 
to demonstrate a nuclear localization of Notch in 
the wild type. However, in spite of the failure to 
show the nuclear localization of the Notch protein 
under any circumstances, there is indirect evi- 
dence indicating that the intracellular domain of 
Notch may indeed be cleaved and transported to 
the nucleus. 
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20.3.5 

The Target of Notch Activation Is the E(sp/)-C^ 

As repeatedly stated, the proneural genes are func- 
tionally interconnected with the neurogenic genes 
within the same genetic network. The distribution 
of AS-C gene products in neurogenic mutants illus- 
trates in a striking manner some of the interactions 
between the two groups of genes. In the wild-type, 
lethal of scute and achaete transcription in the pro- 
neural clusters becomes restricted to the neuro- 
blasts as they delaminate; in neurogenic mutants, 
this restriction fails to occur, reflecting the failure 
of lateral inhibition in these mutants. Antibodies 
against achaete and lethal of scute proteins reveal 
the same behaviour. Therefore, the neurogenic 
genes, by mediating lateral inhibition, define the 
normal expression domains of AS-C genes, in that 
they suppress the transcription (or RNA accumula- 
tion) of the proneural genes in the neuroectoder- 
mal cells that will develop as epidermoblasts. 

Data from classical genetics suggest that the 
functions encoded by the E(sp/)-C are responsible 
for the inhibition of neurogenesis, i.e., the E(sp/)- 
C appears to act as the major target of the Delta- 
Notch-mediated signal. Indeed, molecular data 
strongly endorse this view by showing that tran- 
scription of the E(sp/)-C genes is activated by 
Su(H) following Notch activation in the prospec- 
tive epidermoblasts. 

The E{spl)-C comprises seven related genes, 
which are partially redundant functionally. All 
seven encode highly similar proteins of the bHLH 
family of transcriptional regulators. However, the 
bHLH proteins to which the products of the 
E(sp/)-C belong form a special group of transcrip- 
tional repressors which are characterized by a 
number of structural motifs. One of them is a 
carboxy-terminal tetrapeptide, WRPW, that is 
conserved in all members of the family. The 
WRPW motif appears to be required to form 
complexes with another protein, encoded by the 
gene groucho. Two pieces of evidence strongly 
suggest that these protein complexes are the func- 
tionally active forms. First, the function of grou- 
cho requires the presence of proteins of the 
E(sp/)-C; second, deletion of the WRPW, i.e., the 
domain necessary for association with groucho, 
renders the E(spl)-C proteins inactive. 



Permanent expression of genes of the E(sp/)-C 
in neurogenic territories leads to suppression of 
neurogenesis and, as a consequence, to central 
and peripheral neural hypoplasic defects, compar- 
able to those observed in animals mutant for the 
proneural genes. Both in vitro and in vivo data 
indicate that the defects in the development of 
neural progenitors are due to functional suppres- 
sion of the proneural proteins. However, the ac- 
tual mechanism of lateral inhibition is unclear. 
Surprisingly enough, proneural gene expression is 
not strongly affected and follows a normal tem- 
poral and spatial course after misexpression of 
E(sp/)-C genes or of the activated form of Notch, 
NotcV^^^^. Therefore, the evidence suggests that 
lateral inhibition acts downstream of the proneu- 
ral proteins, at the level of their target genes. 

20.3.6 

Proneural Genes Activate Neurogenic Genes 

However, the interactions between neurogenic and 
proneural genes are certainly more intricate than 
those represented by the suppression of proneural 
activities in the epidermoblasts. A variety of stud- 
ies have revealed that proneural proteins activate 
transcription of Delta, HLH-m5 and E(spl) by 
binding to multiple sites (E-boxes) distributed 
throughout their promoters. Transcriptional acti- 
vation of the E(5p/)-C genes by proneural proteins 
within the neuroectoderm is an early event, prob- 
ably initiating transcription of these genes in this 
particular region. However, the functional signifi- 
cance of this activation process is completely un- 
clear. It appears paradoxical that the proneural 
proteins directly activate the transcription of the 
genes whose products will eventually suppress 
proneural activity. 

On the other hand, activation of Delta tran- 
scription by proneural proteins can be rationa- 
lized in functional terms. Since Delta encodes the 
(epidermalizing) signal molecule of lateral inhibi- 
tion, its transcriptional activation by proneural 
proteins serves to increase the efficacy of lateral 
inhibition by the prospective neuroblast (Fig. 6). 
Indeed, Delta transcriptional activation occurs by 
binding of proneural proteins to specific boxes; 
mutation of these binding sites decreases the effi- 
cacy of the functions of Delta. Activation of Delta 
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Fig. 6. The regulatory feedback loop of the Delta-Notch sig- 
nalling pathway. The diagram shows fragments of two cells 
of a proneural cluster, one bound to develop as a neuro- 
blast and the other as an epidermal progenitor. The thick 
vertical lines represent the cell membrane. Commitment to 
neural development occurs in a cell of the cluster with 
higher content of proneural proteins, which activate tran- 
scription of the signal source Delta. As a consequence, the 
amount of Delta protein in this cell will increase, resulting 

by proneural proteins might thus contribute to 
enhancing small quantitative differences in the 
content of proneural protein between the cells of 
the proneural cluster. However, recent data indi- 
cate that control of transcription of Delta plays a 
secondary role in the process of neuroblast dela- 
mination itself, being required for the mainte- 
nance, rather than for the initiation, of the devel- 
opmental fate decision. It is unclear what initiates 
the regulatory feedback loop that eventually leads 
to the commitment of a cell of the proneural clus- 
ters as neural progenitor. The available evidence 
suggests that one of the cells in the cluster is ini- 



in stronger signalling to the surrounding cells (of which 
only one is shown in the diagramm). Delta-mediated acti- 
vation of the Notch receptor in this and the other surround- 
ing cells results in transcriptional activation of the proteins 
of the E(spl)-C and, thus, in repression of the proneural 
proteins within the same cells. This will decrease the effi- 
cacy of the inhibitory signals sent by them, and allow pro- 
neural activity to remain high in the prospective neuro- 
blast. Refer to text for further discussion 

tially biased towards neurogenesis, probably due 
to its previous developmental history, and that 
this cell signals more strongly than the surround- 
ing cells. 

20.4 

Evolutionary Conservation 
of the Regulatory Network 

Work over the past few years has provided evi- 
dence for a high degree of conservation of the 
regulatory network discussed above. Homologues 
of the most important genes of the network have 
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been described in a number of vertebrates. Recent 
evidence indicates that the frog and zebrafish 
homologues of the Drosophila neurogenic and 
proneural genes are organized according to the 
same principles and obey the same regulatory 
rules. Using these experimentally favourable or- 
ganisms, a number of studies have been published 
showing that, as in Drosophila^ where the regula- 
tory network selects neuroblasts from equivalence 
groups, the function of these genes in zebrafish 
and frogs is also to select individual cells from 
groups of equivalent ones. For the time being, the 
evidence for this contention is restricted to the 
selection of primary neurons within the develop- 
ing neural plate. However, one can expect that the 
regulatory network participates in the selection of 
other cell types as well. 

20.5 

Outlook 

Understanding of how individual cells are se- 
lected from initially equivalent groups has made 
considerable progress during the past 20 years. 
However, as in other ontogenetic processes, many 
questions still remain unanswered. One of these 
questions is how the regulatory signals are trans- 
duced and further processed. The role assumedly 
played by the intracellular domain of Notch and 
its relationships to the Su(R) protein have already 
been mentioned. However, direct evidence that 
the intracellular domain of Notch is cleaved fol- 
lowing activation is still pending. A second open 
question is what decides which particular cell of 
the proneural cluster eventually becomes the neu- 
ral progenitor. Genetics indicates that cells in the 
proneural cluster become neural progenitors be- 
cause they express a critical level of proneural 
gene product over a certain period; but, if all cells 
of the proneural cluster are initially equivalent, 
what determines that a particular cell expresses 
proneural genes at higher levels than the other 
cells? The astonishing precision of the neuroblast 
pattern is such that one intuitively thinks that 
particular cells within each cluster are somehow 
biased to take on the neural fate. One can think of 
a number of elements which could cause such a 
bias. The best candidates are probably the prod- 



ucts of the genes controlling pattern formation in 
the embryo, specifically the coordinate, the pair- 
rule and the segment polarity genes. They could 
determine that the content of proneural proteins 
in one particular cell of the proneural cluster is 
slightly higher than in the others. Finally, not all 
the neuroblasts or the SOPs require the AS-C for 
commitment to their fates. Therefore, the third 
important opep question is whether the AS-C- 
independent neural progenitors are committed by 
a mechanism also based in selection of one cell 
from clusters of equivalent cells. 

20.6 

Summary 

The analysis of early neurogenesis in Dorsophila, 
i.e., the mechanisms of development of the neural 
progenitors, has been carried out by combining 
data from thre^ disciplines, embryology, genetics 
and molecular genetics. Embryonic cells are se- 
lected as individual neural progenitors from 
groups of equivalent cells, which are endowed 
with neurogeni^ abilities by the expression of spe- 
cific transcription factors, called proneural pro- 
teins. The selection process is mediated by signals 
processed by the s Delta-Notch pathway, known 
as lateral inhibition, which determines that only 
one cell from each equivalence group continues 
development as neural progenitor. The organiza- 
tion of the signal pathway in this process is dis- 
cussed. 
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21 Drosophila Imaginal Disc Development: 
Patterning the Adult Fly 

Seth S. Blair 



21.1 Introduction 



Like Other holometabolous insects, the fruitfly 
Drosophila melanogaster goes through a radical 
metamorphosis before taking on its adult form. 
Four days after hatching from the egg the mag- 
got-like larva forms a pupa, and after an addi- 
tional 5 days of pupal development emerges as an 
adult fly. During metamorphosis, most larval or- 
gans and structures are remodeled to varying de- 
grees, and some are completely lost. One struc- 
ture that is not carried over to the adult is the 
epidermal covering of the larva, which becomes 
the pupal case from which the adult emerges. A 
new epidermal covering must thus be completely 
reformed within the pupal case, forming not only 
the body wall of the adult, but also the ectoder- 
mal tissues of the adult appendages, such as the 
legs, wings, and antennae. 

Rather than form these tissues de novo at me- 
tamorphosis, Drosophila, like most other Diptera, 
derives its adult epidermis from specialized tis- 
sues set aside early in development. These are the 
imaginal discs, small epithelial sacs that appear in 
the outer ectoderm of the embryo (Fig. 1). A 
small number of ectodermal cells ingress to form 
the disc primordia, remaining attached to the em- 
bryonic epidermis by thin stalks. The imaginal 
discs do not participate appreciably in larval life. 
Rather, during the three instars of larval develop- 
ment disc cells proliferate to reach, by late in the 
third instar, nearly the mature number of cells ob- 
served in the adult. The disc at this stage consists 
of a thick, pseudostratified, and often highly 
folded epithelium, from which most or all of the 
adult structures derive, and a thinner peripodial 
membrane (Fig. lA). Mesodermal tissues are de- 
rived from a separate, proximal cluster of ade- 



pithelial cells. As the pupa is formed the folded 
portions of the disc epithelia unfold and lengthen 
in a process known as eversion (Fig. lA), forming 
the appendages of the adult. The disc cells ter- 
minally differentiate during this period. 

In the three segments of the thorax, separate 
ventral imaginal discs exist for each of the legs, 
one pair in each segment (Fig. 1 B). Three pairs of 
dorsal discs are also found in the thorax; these 
are the dorsal discs of the prothorax (humeral 
disc), the wing discs of the mesothorax, and the 
haltere or balancer discs of the metathorax. In the 
head, separate discs exist for the proboscis (labial 
disc) and labrum (cibarial or clypeo-labral disc), 
and a pair of eye-antennal discs that give rise to 
the eye, antenna and maxillary palps. In the ab- 
domen, the genitalia are derived from a pair of 
genital discs; each genital disc is formed from pri- 
mordia in three adjacent embryonic segments or 
parasegments. The discs form in the adult not 
only the appendages, but also the surrounding 
body wall; for instance, the dorsal surface of the 
thorax is formed from the proximal portions of 
the two wing discs. The epidermis of the abdo- 
men is formed from small pockets of disc-like 
cells called the histoblast nests, which proliferate 
during early pupal stages. During metamorphosis, 
the discs and histoblast nests expand and suture 
together to cover the entire adult. 

After the discs evert, the imaginal disc epithe- 
lia secrete first a pupal cuticle, and next the cuti- 
cular exoskeleton of the adult. The disc epithelia 
control the shape and character of that cuticle. 
The arrangement and thickness of cuticle is quite 
stereotyped, and various specialized cells are also 
formed from the discs, such as the sensory ele- 
ments, the thickened cells of the wing veins, etc. 
The disc cells must have precise positional infor- 
mation, despite the relative simplicity of the sin- 
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(A) Cross section of leg disc eversion (B) Imaginal discs in late third instar lava 






Wing b^ade 




Fig, 1 , A Labeled cross-section of a leg disc before, during 
and after eversion (fop fo bottom). B Late third instar larva 
showing the positions and identities of the imaginal discs* 
C Fate map of late third instar leg and wing imaginal discs. 
Discs are shown at left^ and corresponding adult structures 



are shown at right. A anterior; P posterior; D dorsal; V ven- 
tral; L0-L6 longitudinal veins; ACV anterior cross- vein; PCV 
posterior cross-vein. (After Fristrom and Fristrom 1993; 
Blair 1995) 



gle-layered disc epithelium. In most cases specifi- 
cation occurs without induction by underlying 
mesodermal tissues* 

The challenge has thus been to discover the 
types of information being used by imaginal disc 



cells to determine their positions within the disc 
and to take on specific fates. In what follows 1 wUl 
concentrate especially on work in the leg and 
wing imaginal discs (Fig* 1 C), 
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21.2 Techniques'*'^ 

Drosophila imaginal discs are relatively small tis- 
sues, especially during the early stages of their 
development. Thus, it has been difficult (although 
not impossible) to physically or pharmacologi- 
cally manipulate discs during early development, 
and even descriptions of these early stages are 
few. The vast majority of studies have therefore 
used genetic techniques to follow normal develop- 
ment and to examine the roles of various genes in 
patterning the disc cells. 

21 . 2.1 

Cell and Tissue Markers 

While many studies have examined the effects of 
developmental mutants by examining adults, there 
has also been considerable work recently examin- 
ing mutant phenotypes at earlier stages of devel- 
opment when the different cell types or regions 
are being specified. This has certain advantages; 
since cell types are usually specified in a series of 
steps, it is often difficult to determine which step 
has been disrupted using the adult phenotype 
alone. However, at early stages, different types of 
disc cells are very difficult to distinguish by mor- 
phology, and thus markers are required. Antibod- 
ies or cDNA in situ probes to specific gene prod- 
ucts and messages have provided one way of 
marking cells. Another way of following gene ex- 
pression has been to transform flies with genetic 
constructs bearing enhancer and promoter re- 
gions isolated from selected genes fused to LacZ, 
which encodes the non-endogenous j?-GALACTO- 
SIDASE protein. The expression pattern of a con- 
struct often accurately reflects the expression pat- 
tern of the gene from which the enhancer ele- 
ments were derived. 

In flies it is also possible to mark cells using 
enhancer traps (Fig. 2 A). Here, a construct is 
made linking a weak promoter to LacZ, and the 
construct is transfected into flies using an engi- 
neered transposable element. Once inserted into 
the genome the construct’s location is stable, as 
the engineered transposable element lacks the re- 
gions coding for the transposase responsible for 
excising and reinserting the element. The element 



can be hopped from location to location in the 
genome by crossing this fly to another line carry- 
ing the transposase. If the region of insertion is 
not transcriptionally active, then the weak promo- 
ter drives only weak LacZ expression. When the 
insertion is near a gene that is actively tran- 
scribed, the transcription of LacZ is often influ- 
enced by the same enhancer elements that work 
on the endogenous gene, and the LacZ expression 
reflects the expression of the gene. Newly gener- 
ated enhancer trap lines can be screened on the 
basis of their expression patterns. In some cases 
the insertion also disrupts the activity of the 
neighboring gene, inducing a mutant phenotype. 
Even when this does not occur, remobilization of 
the element can be used to induce imprecise exci- 
sions, deleting adjacent genomic DNA and induc- 
ing a mutation. Enhancer traps also provide a 
powerful molecular tool, as unique DNA se- 
quences in the transposable element can be used 
to isolate neighboring genomic DNA as a first 
step towards cloning neighboring genes. 

21.2.2 

Mutations and Mosaic Analysis 

The late development and differentiation of the 
imaginal structures cause some technical difficul- 
ties in examining mutant phenotypes. Many of 
the genes critical for disc development are also 
critical for normal embryogenesis, and homozy- 
gotes of null alleles die before imaginal disc phe- 
notypes can be assessed. This is not always the 
case, as there are some instances where complete 
removal of a gene disrupts only adult develop- 
ment. In other cases, mutant alleles exist that al- 
low survival but still have informative adult phe- 
notypes. However, most of these viable alleles do 
not completely remove gene function, complicat- 
ing the analysis. Temperature-sensitive alleles 
have also been found that act as near null alleles 
at the restrictive temperature, and these have 
proven very useful. 

Such alleles are rare, however, so many studies 
have relied on the generation of genetic mosaics, 
usually induced via mitotic recombination 
(Fig. 2B). When larvae are irradiated with X- or 
y-rays, in a small percentage of cells recombina- 
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Fig* 2* Techniques. See text for details. (After Blair 1995) 
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tion occurs between homologous chromosomes* If 
the larva was heterozygotic for a recessive muta- 
tion (and thus its phenotype is wild type), two 
daughter cells will be generated after assortment 
of the recombined chromosomes, each homozy- 
gous for the genes distal to the site of the chro- 
mosome exchange. One of these daughters will 
now be homozygotic for the recessive mutation, 
and as iong as the mutation is cell viable that cell 
will grow to make a patch or clone of mutant tis- 
sue in an otherwise phenotypically wild-type 
structure* The size of the clone will depend upon 
the stage at which the larva was irradiated* 

The rate at which recombination occurs can be 
increased dramatically by use of the FRT-FLP 
technique (Fig. 2C)* The yeast-derived FLP re- 
combinase induces recombination between FLP 
recombination targets (FRTs)* Transposable ele- 



ments have been used to insert FRTs into the 
proximal ends of chromosome arms* Flies con- 
taining FRTs are crossed to flies containing the 
FLP gene linked to a heat shock promoter; recom^ 
bination is driven in a percentage of cells by heat 
shocking the larvae at a chosen stage. 

The location of mitotic recombinant clones 
cannot be controlled using these techniques; only 
the stage at which clones are induced and to 
some degree the fraction of recombinant cells can 
be easily changed. But although the location of 
clones is random they can be identified in adults 
by linking the mutation of interest to benign mar- 
ker mutations that change the color or character 
of the adult cuticle* In discs or internal organs 
clones can be identified either by using enzyme 
mutations, or more commonly by inserting onto 
one of the chromosome arms a ubiquitously ex- 
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pressed, non-endogenous marker gene (LacZy myc 
epitope, etc.; see Fig. 4). 

A further variation on mitotic recombination is 
to use it as a means of screening for novel pat- 
terning mutations. Here, one does not induce re- 
combination of a chromosome bearing a known 
mutation, but rather a chromosome that has been 
mutagenized. Since each heterozygous Fi larva 
bears a different mutagenized chromosome, each 
resultant adult may or may not have clones with 
patterning defects; adults with interesting clones 
are used to create stable stocks for further study. 
The rate of recombination induced by X-rays was 
too low for this technique to be used commonly. 
However, FRT-FLP recombination occurs at high 
enough rates that almost every adult isolated will 
contain clones, and so the popularity of this tech- 
nique has increased. 

21.2.3 

Misexpressing Genes 

A number of techniques have also been developed 
for inducing the overexpression or misexpression 
of selected genes. The simplest is to transfect flies 
with a construct in which the coding region for a 
selected gene has been linked to a heat shock pro- 
moter; uniform misexpression can be induced by 
heat shocks at selected stages (Fig. 2D). A second 
technique uses the UAS-GAL4 system to drive 
misexpression in specific patterns (Fig. 2E). The 
transcriptional regulator GAL4 will drive the ex- 
pression of a construct in which the UAS region 
has been linked to a selected gene. Tissue-specific 
GAL4 drivers have been created both by making 
promoter-GAL4 constructs, and by isolating GAL4 
enhancer traps. Lines containing the UAS-gene 
construct are then simply crossed to lines con- 
taining the GAL4 trap or promoter construct to 
induce misexpression. 

Finally, clonal misexpression of a selected gene 
can be induced using the FLPout technique 
(Fig. 2F). Here, a strong promoter has been sepa- 
rated from the coding region of a selected gene 
by a region bearing an FRT element, a blocking 
sequence containing a marker gene, and another 
FRT. In the presence of low levels of FLP recombi- 
nase a small percentage of cells will excise one 



FRT and the blocking sequences, allowing the 
promoter to drive expression of the selected gene. 
Recently FLPout constructs have been generated 
which drive GAL4 expression; this can be used to 
drive clonal expression of UAS-gene constructs. 

21.3 

Cell Lineage and Compartments 
in Wild-Type Discs 

Mosaic analysis can be used to follow wild-type 
cell lineages. Even though marked clones are gen- 
erated in random locations, repeated observations 
have allowed certain conclusions. First, there is 
relatively little intermixing or migration of cells 
during the growth of the disc. Marked cells de- 
rived from a single recombination event usually 
occupy all of a discrete patch of tissue, and un- 
marked cells are not mixed within the clone. 
Sometimes clones can break into two or more 
discrete patches, especially if generated early in 
development, but at later times this is relatively 
rare. Thus, cells tend to maintain their neighbor 
relationships during growth of the disc. This is 
quite different from the scattered distribution of 
cell progeny seen in most vertebrate embryos and 
appendages. 

Second, patterns of cell division and rearrange- 
ment are not strictly fixed during disc growth. 
Clone boundaries are not regular, and clones in 
identical positions in different adult flies can have 
different shapes. While there are some broad ten- 
dencies in clone shape that are conserved, such as 
a tendency to extend along the proximo-distal 
axis of a given appendage, the shapes are not pre- 
cisely reproducible. 

Third, discs do not contain discrete growth 
zones. Cells throughout the disc divide and gener- 
ate clones. 

Finally, disc cells are not irreversibly deter- 
mined for specific fates until fairly late in devel- 
opment. Even small clones, generated late in de- 
velopment, can straddle two different tissue types, 
such as wing epithelium and wing vein. At times, 
clones appear to obey boundaries between differ- 
ent tissues for a longer distance than might be ex- 
pected of a random arrangement, such as between 
vein and intervein in the wing. These tendencies 
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are not absolute, however, indicating that any pu- 
tative specification is reversible; cells that extend 
into a new position can change their fates. 

The so-called comp art mental lineage restric- 
tions are striking exceptions to these rules. These 
are lines that cells cannot cross; wild-type clones 
are always limited to one compartment. All discs 
so far examined contain one or more of these re- 
strictions, in reproducible anatomical positions. 
These lineage restrictions are maintained even if 
cells are given a growth advantage over their 
neighbors. The dominant Minute mutations slow 
the rate of development. Mitotic recombination in 
a heterozygotic Minutelmarker fly generates a 
clone homozygous for the marker but lacking 
Minute; the cells in this clone develop more 
quickly than their heterozygotic neighbors and 
form unusually large clones. Such clones can oc- 
cupy almost an entire compartment; nonetheless, 
they do not cross between compartments. 

The wing, leg, haltere and labial imaginal discs 
have an early- arising restriction that separates 
anterior and posterior compartments (the A/P 
boundary). This boundary apparently exists from 
the early stages of embryogenesis, and may be de- 
rived from the corresponding thoracic paraseg- 
ment boundaries formed in the embryo (see be- 
low). In adults the A/P lineage boundary does not 
coincide with the boundary between particular 
tissue types (Fig. 1C). In the wing it runs through 
general epithelial cells just anterior to the fourth 
longitudinal vein. In the leg the boundary lies 
near a particular row of sensory bristles, but spe- 
cific bristles can lie on either side of the bound- 
ary in different individuals. Not all discs have an 
early-arising A/P boundary. A/P-like boundaries 
appear in the eye-antennal and genital discs, but 
early clones can cross these boundaries. 

Later in the development of the wing imaginal 
disc, a second lineage restriction appears that se- 
parates the prospective dorsal and ventral surfaces 
of the wing (the D/V boundary; Fig. 1 C). This 
suggested to researchers that discs might be pro- 
gressively subdivided into smaller and smaller 
lineage compartments. It was originally asserted 
that lineage restrictions separated prospective 
wing blade from thorax (notum) and various sub- 
compartments in the blade and thorax, and in the 
anterior compartment of the leg disc dorsal and 



ventral subcompartments. However, later work 
has yet to confirm the existence of these restric- 
tions. 

There are two questions that can be asked 
about compartmental lineage restrictions. First, 
how are they formed? And second, why are they 
formed? Interestingly, we know more about the 
second question than the first. It now appears 
that lineage restrictions separate two groups of 
cells that differ in their ability to send and receive 
signals; in general, the signal from one compart- 
ment can only be detected by cells in an adjacent 
compartment. As the signals have a limited range, 
only those cells in the receiving compartment 
near the boundary become specified. These 
boundary cells then become the source of a 
second signal that can pattern cells within each 
compartment. The lineage restriction assures that 
cells in each compartment remain spatially sepa- 
rated, and that the boundary cells are thus cor- 
rectly localized. 



21.4 

Compartment Identity and ''Selector'' Genes 

21.4.1 

engrailed, inverted, and the A/P Boundary^"" 

At around the same time that lineage compart- 
ments were first identified, it was observed that 
mutations in the gene engrailed (en) caused in- 
triguing, compartment-specific defects. Viable en 
mutations cause the partial transformation of the 
posterior wing to a more anterior-like identity; it 
now forms sensory structures appropriate for the 
anterior wing, and its pattern of venation partly 
resembles that of the anterior. Moreover, clones 
lacking en do not obey the A/P lineage boundary. 
Similar effects are observed in the posterior com- 
partments of leg, antenna and genital discs. This 
led to the idea that en was acting as a posterior 
selector gene; that is, it was stably expressed in 
only posterior compartment cells and acted as a 
master gene controlling posterior fate. When 
cloned, en proved to encode a homeobox contain- 
ing transcription factor that is expressed, at least 
until mid-third instar, in only posterior cells. 
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It now appears that en acts in concert with a 
second gene called invected (inv), which encodes 
a posteriorly expressed protein with a homeobox 
very similar to that of en. Removal of en and inv 
simultaneously causes much better transforma- 
tions in identity than the loss of en alone. It has 
been argued from misexpression studies that en 
and inv have different roles, with en controlling 
the expression of compartment-specific signalling 
molecules (see below) and inv controlling com- 
partment-specific cell identity. However, complete 
removal of inv has no discernable effect on cell 
identity or signalling, suggesting that en is suffi- 
cient for both these functions. 

en and inv are expressed in the posterior of all 
appendages of Drosophila, as well as subregions 
of the genital discs that correspond to lineage 
compartments, and in the posterior of every em- 
bryonic and adult segment. Thus it is likely that 
en and inv are universal posterior selectors. In 
most dividing cells the state of enlinv expression 
is stably inherited, and it has been suggested that 
for many discs the posterior compartment arises 
from posterior, en/fnv-expressing cells in the em- 
bryo. However, this cannot be the case for the 
late-arising A/P compartments of the antenna and 
genital disc. Conversely, late in development en 
and inv can be expressed and required outside of 
the posterior compartment. 



21.4.2 

apterous and the D/V Boundary 

Another transcription factor, encoded by the gene 
apterous (ap), acts as a selector gene for the dor- 
sal compartment of the wing disc. The ap product 
is a transcription factor that is expressed in a 
dorsal region of the wing disc beginning at the 
middle of the second instar, roughly the time 
when the D/V lineage restriction is thought to ap- 
pear. At late third instar the region of ap expres- 
sion corresponds cell for cell with the dorsal line- 
age compartment. Dorsal cells lacking ap take on 
ventral-like fates and express ventral-specific 
genes, and misexpression of ap in the ventral 
compartment can suppress ventral-specific gene 
expression. Dorsal ap~ clones also cross the D/V 
lineage boundary. 



Selector-like genes have not yet been identified 
for the other more controversial lineage restric- 
tions. 

21.5 

HEDGEHOG Signalling Across 
the A/P Boundary 

The first clues about the function of lineage com- 
partments came not from work on imaginal discs, 
but rather from work examining signalling across 
the parasegment boundary in embryos. This 
boundary, which lies in the center of each seg- 
ment, is likely the antecedent of the A/P bound- 
ary in wing, haltere, leg and labial disc. It, too, 
acts as a lineage boundary, separating anterior 
and posterior cells in each segment of the em- 
bryonic epidermis, and cells on the posterior side 
of the boundary express enlinv. 

To briefly summarize, researchers determined 
that the parasegment boundary separates two 
groups of cells, each of which differs in its ability 
to send and receive signals. Posterior en is re- 
quired for the production of the secreted signal- 
ling molecule encoded by hedgehog (hh; see HH 
pathway in Table 1). en also represses the ability 
of posterior cells to receive the HH signal by sup- 
pressing the expression of a number of genes in 
the HH transduction pathway. One critical mole- 
cule which is expressed only in anterior cells is 
patched (ptc), which encodes a HH-binding trans- 
membrane protein that likely acts in concert with 
another transmembrane protein, smoothened 
(smo) as a HH receptor complex, en also inhibits 
expression of cubitus interruptus {ci) in posterior 
cells, which encodes a Gli-family transcription 
factor which mediates most or all of the HH sig- 
nal. Anterior cells express ptc and ci and are cap- 
able of responding to HH; those immediately ad- 
jacent to HH-expressing cells respond by raising 
the expression of ptc even further, by stabilizing a 
long form of the CI protein, and by maintaining 
the expression of wingless {wg, a member of the 
WNT family of secreted signalling molecules; see 
WG pathway in Table 1). In the embryo, this sig- 
nalling is reciprocal. The anteriorly expressed WG 
signals back to posterior cells, helping maintain 
the expression of en. 
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Table 1, Manipulating signalling pathways: loss or gain of function in sending and receiving cells 
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Loss of function 


Gain of function 


Gain of function 


Loss of function 


HKIHiFHCKJ palhway: ligand = HEDGEHOG (secreted) 




snioothened 


hh 


UAS-Wi, 


patched 




FLPout-/di 


prof cm kinase A 
costal2 

FLPouGndiif ns hiterruptus 


cubitus interruplus 


WlNGl.ESS pathway: ligand 


= WINGLESS (secreted) 






ng 


UAS-w^ 


shaggy/zeste white J 


disheveled 


hypnmorphs 

V 


FLPout- 


armadilh hypomorph 
n TCF/pti ngol i n hy p omor ph s 
UAS-dominam negalive DT'Cf 






DECAPENTAPLKGIC pathway: lieand = DF.CAPENTAPLEG1C (secreted) 




deeapentaptegic 


V AS- dpp 


UAS-activated f/rfc/cveni 


thick vein 


FLPout -dpp 


ac t i vat ed th ick vein -FLPout 


punt 

saxophone 
mothers against dpp 






NOTCH pathway: ligands = 


DELTA, SERRATE (transmembrane) 


Notch 


Delta , Serrate 


U AS- Delta, Serrate 


hs- activated Notch 






UAS- activated Notch 


Suppressor of Hairless 



<A) 

A 

High pfc, j 
Lale en/inv^~ 

P 



(C) 

A 



P 

hh FLPou* 




in wing 




Fig, 3A“D, HEDGEHOG signalling across the A/P compart- 
ment boundary. A Signalling in the wing. Posterior en 
drives posterior hh expression. Secreted HH signals to ante- 
rior cells, inducing a narrow domain with high pfc and late 
ert/inv expression, and a wider domain with dpp expression 
and high levels of anti -Cl staining. Anterior cells distant 
from the A/P boundary express low levels of ptc and have 
low levels of anti-Cl staining, B Signalling in the leg, HH 
induces dpp in dorsal cells, but in ventral cells induces wg 



and only low levels of dpp. ptc and Cl patterns are similar 
to those observed in the wing (not shown). C hh FLPout 
clone in the anterior compartment of the wing induces 
boundarydike gene expression both within and surround- 
ing the clone. D Anterior hh FLPout clone (dark area) ob- 
served in the adult duplicates the A/P boundary region 
iL3'-L4') within the clone. Tissues around the clone also 
duplicate anterior structures, including the longitudinal 
veins (LI) 
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Similar^ though not identical, processes occur 
in the imaginal discs (Fig. 3 A, B), As in the em- 
bryo, hh is expressed in the posterior compart- 
ment of every disc under the control of en and 
inv. HH protein diffuses several cells anterior to 
the A/P boundary and cells just to the anterior of 
the A/P boundary respond by expressing a num- 
ber of boundary- specific genes (Fig. 3 A, B), As in 
the embryo, this response includes inducing high- 
er levels of ptc expression, stabilizing the long 
form of the Cl transcription factor, and in the 
ventral leg, ventral antenna and portions of the 
genital disc, inducing the expression of wg. Else- 
where, however, the response differs somewhat. 
Dorsal leg, dorsal antenna and parts of the genital 
disc do not express wg; wg is expressed in wing 
and haltere, but in a dynamic pattern unrelated to 
the A/P boundary (see below). Rather these tis- 
sues respond to HH by expressing the TGF-/?-like 
secreted signalling molecule encoded by decapen- 
taplegic {dppi DPP pathway reviewed in Table 1). 
Paradoxically, in the late third instar prospective 
wing blade boundary cells also respond by ex- 
pressing en/inv in the anterior compartment. This 
anterior en/iny expression apparently appears too 
late in development to affect the A/P lineage re- 
striction, although it does suppress the differen- 
tiation of anterior sensory bristles. 

In the posterior compartment en and inv prevent 
cells from responding to the HH signal, enlinv re- 
presses both tJie expression of HH pathway compo- 
nents, such as ptc and d, and the expression of 
boundary genes such as dpp. Posterior clones lack- 
ing en and inv thus become capable of responding 
to the HH signal from adjacent posterior cells and 
express boundary genes (Fig, 4A), Misexpression 
of hh induces boundary-hke gene expression in 
anterior but not posterior cells; boundary-like 
gene expression is observed both within and adja- 
cent to /i/?-FLFout clones, as expected if HH dif- 
fuses from the /x/i- expressing cells (Fig. 3C). This 
effect is not mediated by some second, HH-in- 
duced signal. A number of genes have been found 
that normally act as inhibitory players in the HH 
signalling pathway (see Table 1), Anterior clones 
lacking these genes act as if they have received 
the HH signal, regardless of the presence or ab- 
sence of HH. However, the effect is limited to the 
mutant cells, so no second signal is involved Cur- 



;a> 



eiT-mv pit-xho an1i*Ci 




Fig, 4 A, B, Clones in the prospective wing blade regions of 
late third instar wing discs. A Mitotic recombinant en-inv! 
en-inv~ clone induced in an en-iny~Imyc larva using FRT- 
FLP recombination at late- second instar. Left clones (ar- 
rows) are marked by absence of bright anti-MYC staining. 
Cells within the clones show expression of the ptc promoter 
LacZ construct ptc-xho (middle) ^ and anti -Cl expression 
(right) y like that normally found just anterior to the A/P 
boundary. B Mitotic recombinant ap~fap~ clone induced in 
an ap~ftnyc larva using y-rays at mid- second instar. Left 
clone (arrow) is marked by the absence of bright anti-MYC 
staining; right cells within and surrounding the clone show 
anti-WG staining like that observed along the D/V bound- 
ary 



iously, one of these inhibitory genes encodes the 
HH-binding protein PTC; HH signal thus acts by 
inhibiting the otherwise inhibitory action of the 
PTC protein. 

21.6 

DECAPENTAPLEGIC and Anterior-Posterior 
Within Compartments 

g11, 15,16 

How are the tissues within each compartment 
specified? The range of the normal HH signal ap- 
pears to be fairly short, as no requirement for HH 
signalling has been demonstrated anterior to the 
third longitudinal vein in the wing, Nonetheless, 
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ectopic A/P boundaries {formed at the boundary 
of en/inv~ clones in the posterior of the wing) or 
clones ectopically expressing hh in the anterior 
can induce dramatic pattern duplications sur- 
rounding the clones (Fig. 3D)* Such duplications 
can include those pattern elements normally 
found outside the range of the HH signal* Thus, 
the short range HH signal must be inducing some 
longer- range signals or processes capable of spe- 
cifying most of anterior-posterior patterning* The 
evidence to date indicates that the DPP and WG 
signalling molecules produced in response to HH 
are playing the predominant roles in specifying 
anterior-posterior patterning distant from normal 
and ectopic A/P boundaries. 

In the developing wing, the model currently fa- 
vored is that DPP, expressed just anterior to the 
A/P boundary, acts as a long range morphogen; 
cells distant from the A/P boundary can detect 
the levels of DPP and choose, at least in a rough 
fashion, between a number of alternative anterior- 
posterior fates (Fig. 5)* Cells detecting little DPP 
will pick fates appropriate for tissues distant from 
the A/P, while cells detecting high levels will pick 
fates appropriate for cells found nearer to the A/P. 

Several criteria need to be met in order to show 
that a molecule acts as long-range morphogen to 
specify different positional values. First, it needs 



to be shown that the molecule is locally produced 
but diffuses or is transported to set up a concentra- 
tion gradient in the target tissue* Second, it needs 
to be shown that the reception of the signal is di- 
rectly necessary for normal development in the tar- 
get tissue, and that the requirement is dependent 
on the amount of signalling removed, with differ- 
ent levels specifying different responses. Finally, it 
needs to he shown that the signal is sufficient to 
induce a response in the target tissue, and that 
the response is also dependent on the amount of 
signalling added. Even meeting these criteria does 
not rule out the possibility that some other signal 
is playing a redundant role in this process* 

To what extent has DPP met these criteria? The 
most difficult criterion to prove has been, oddly, 
the first. Available probes cannot detect the se- 
creted form of DPP, so the range of DPP diffusion 
and the shape of any putative DPP gradient are 
not known. However, as we shall see below, cells 
distant from the dpp-expressing cells do require 
putative DPP receptors, so it is likely that DPP is 
present in the responding tissues* 

In order to judge the response to changes in DPP, 
specific, positional identities need to assessed* 
Wing tissues at different distances from the A/P 
produce a few characteristic tissue types and ex- 
press specific genes. The furthest anterior margin 



(A) 



omb 



Wing 




Clone deficient in 



induces 
ectopic 
lrip(e row 




Fig*5A-C DECAPENTAPLEGIC signalling from the A/P 
boundary in the wing, A DPP secreted from cells just ante- 
rior to the A/P boundary triggers Ofnb and saint expression 
in cells further from the A/P boundaryj the domain of omb 
expression is wider than that of salm. Clones deficient in 
DPP reception lack omh, salm expression, dpp FLPout 
clones induce ectopic omb^ salm expression, both within 
and adjacent to the clone; ectopic omb is expressed further 



from the clone than is salm. B Adult wing containing a 
clone with reduced DPP reception (shaded area). Triple row 
bristles {darker)^ normally only found in the far anterior, 
are now found closer to the A/P boundary. C A posterior 
dpp FLPout clone (shaded area) in an adult wing induces 
pattern duplications in the surrounding cells. Anterior 
clones induce anterior duplications (not shown) 
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of the blade contains stout mechanoreceptor bris- 
tles (in the triple row of the margin) that are not 
found in anterior margin closer to the A/P (the dou- 
ble row) (Fig. 1 C). The pattern of longitudinal 
veins, although somewhat ambiguous, also pro- 
vides some estimate of anterior-posterior pattern- 
ing, and another set of sensory elements, the 
dome-shaped campaniform sensilla, are only 
found on the third longitudinal vein and the tip 
of the first longitudinal vein. Finally, genes have 
been found that are expressed in sharply delimited 
regions centered around A/P; these include the 
transcription factors encoded by optomotor blind 
{omb) and spalt major (salm). The expression pat- 
terns of these genes extend well outside the region 
of dpp-expression; salm is expressed in a narrower 
domain than omb (Fig. 5 A). 

Several experiments have tested the necessity of 
DPP signalling for anterior-posterior fates. Unfor- 
tunately, complete loss of DPP reception from 
clones often results in the loss of the clone; either 
the clone fails to divide, develops at a slower rate 
and is lost because of a phenomenon called cell 
competition, or is eliminated at some point from 
the disc epithelium. However, small clones gener- 
ated late in development can survive, as can 
clones with partial reductions in DPP reception. 
Such clones would be expected to take on fates 
appropriate for cells further from the A/P, and 
this appears to be the case. Clones in the double 
row region of the margin often make the stout 
mechanoreceptor bristles appropriate for the 
more anterior triple row (Fig. 5B); clones within 
the regions of omb and salm expression fail to ex- 
press those genes (Fig. 5 A), resembling the non- 
expressing cells at the anterior and posterior lim- 
its of the disc. This implies that DPP signalling is 
continuously required to maintain the fates of the 
cells at least as far from the A/P as the extent of 
omb expression. That partial fate transformations 
are observed in clones with reduced DPP recep- 
tion also suggests that different levels of signal- 
ling might by required to specify different posi- 
tions, but this has not been rigorously tested. 

Ectopic DPP signalling is also sufficient to af- 
fect anterior-posterior pattern and gene expres- 
sion within the wing (Fig. 5A,C). For instance, lo- 
calized DPP expression in FLPout clones results 
in the formation of new anterior-posterior pattern 



elements in cells within and surrounding the 
clones. Interestingly, cells in each compartment 
respond to ectopic DPP by producing only the 
structures typical of that compartment (Fig. 5C); 
presumably the nature of the response is con- 
trolled by compartment-specific en/inv expres- 
sion. DPP misexpression also results in ectopic 
omb and salm expression (Fig. 5 A). These long- 
range effects do not appear to be mediated by 
some second signal produced in response to DPP, 
since when FLPout clones are generated express- 
ing a constitutively activated form of the DPP re- 
ceptor thickveins, the response is limited to cells 
within the clone. Different amounts of DPP sig- 
nalling are sufficient to specify different types of 
pattern, salm expression does not extend as far 
from the dpp- expressing cells as does omb, sug- 
gesting that salm requires more DPP signal. As 
expected, expression of high levels of DPP in 
FLPout clones triggers expression of both genes, 
while lower levels of expression triggers only omb. 

Although the evidence to date is compelling, 
there are as yet many details to be worked out con- 
cerning the role of DPP in anterior-posterior pat- 
terning. First, the exact mechanisms of DPP signal- 
ling are complex, and intracellular and extracellular 
negative feedback loops may play a role in control- 
ling the spatial response to DPP. Second, another 
TGFy5-like gene {glass bottom boat! 60 A) has been 
found in the wing; it has an expression pattern 
complementary to that of dpp, and may act via 
some of the same receptors as DPP. Thus, manipu- 
lating DPP reception as outlined above may not be 
exactly the same as manipulating DPP itself. Final- 
ly, the evidence suggests that DPP provides only a 
rough estimate of anterior-posterior position; lo- 
cal cell interactions refine this information to give 
more precise positional information. 

21,7 

Fine-Scale Anterior-Posterior Wing Patterning: 
Vein Formation 

The adult wing of Drosophila contains a stereo- 
typed arrangement of wing “veins”, thickened cuti- 
cle secreted by specialized vein cells in the dorsal 
and ventral wing epithelia. These veins serve both 
as structural supports for the wing and as tubes 
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containing trachea and nerves. There are five main 
longitudinal veins (Ll-5) that run proximo-distallyj 
two smaller abbreviated veins (LO and L6)> and 
anterior and posterior cross veins {ACV and PCV) 
that bridge L3-L4 and L4-L5, respectively 
(Fig. 1C). Because the veins are so visiblej a large 
number of mutations have been isolated that affect 
vein formation^ either by deleting veins, adding ex- 
tra veins, or changing their positions. 

How is the placement of the longitudinal veins 
related to earlier anterior- posterior patterning 
events? The longitudinal veins lie at various dis- 
tances from the A/P boundary and run roughly 
parallel to it. Recent work suggests that, while all 
vein development shares common features, the 
placement of different longitudinal veins is con- 
trolled by different A/P signals, HH signalling ap- 
parently controls the placement and spacing be- 
tween L3 and L4. It is thought that HH signal 
specifies inter vein cells between L3 and L4; these 
intervein cells in turn produce a second signal 
that tells adjacent cells that have not received the 
HH signal to form preveins (Fig, 6 A), The L4 pre- 
vein is formed just to the posterior of the A/P 
boundary in cells that cannot receive the HH sig- 
nal; L3 is formed at the anterior limit of HH sig- 



nalling, as measured by HH-dependent gene ex- 
pression, Reductions in HH signalhng decrease 
and gains increase the distance between L3 and 
L4. Cells adjacent to those with autonomous gains 
in HH signalling {such as those surrounding ptc~ 
or protein kinase A clones; see Table 1) form 
vein, as if they had received a signal from the 
mutant ceils. smo~ clones near the A/P boundary 
that lack the ability to receive HH signal also 
form vein, as if in the absence of HH reception 
they were now able to respond to a signal from 
adjacent cells. Interestingly, the second, HH-de- 
pendent signal does not appear to be DPP, as 
veins are stiU formed surrounding protein kinase 
A", dpp^ double mutant clones. However, the EGF 
receptor ligand produced by vein is expressed in 
approximately the right position to act as such a 
signal, and it is known that EGF signalling plays 
a critical role in vein specification {see below). 

Long-range DPP signalling apparently controls 
the placement of veins anterior to L3 and posteri- 
or to L4. In the case of L2 this effect is likely 
mediated by salm (Fig. 6B). This transcription 
factor is expressed in response to DPP in broad 
regions surrounding the A/P (see Sect. 21.6), and 
the anterior boundary of its expression coincides 




HH-dependent signal 
incudes L3 and L4 



DPP-dependent salm 
boundary induces L2 



Fig. 6A,B. Models of longitudinal vein formation in the 
wing. A HH controls the positioning of the longitudinal 
veins L3 and L4- HH reception induces intervein tissue, 
blocking L3 and L4 formation {dark gray). HH reception 
also induces the expression of a HH-dependent signal that 
is capable of inducing L3 and L4 vein formation {light 
gray) in cells that have not received the HH signal. Mutant 



clones with autonomous gains in HH reception (i.e., ptc~; 
dark gray) induce vein {light gray) in wild- type cells just 
outside the done. B DPP signal {dark gray) controls the 
position of L2 (medium gray) via the induction of salm 
{light gray). L2 is induced at the normal boundary of salm 
expression, and at the ectopic boundary created by a salm' 
done 
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with the L2 prevein. Creating novel salm bound- 
aries by making mutant clones can induce the 
formation of ectopic veins just inside the clone. 
Thus the salm boundary can in some manner sig- 
nal the formation of vein. In the case of L2 this 
signal is apparently short range. However, salm~ 
clones can also affect L5, even though the posteri- 
or boundary of salm expression lies midway be- 
tween L4 and L5. This implies salm's participation 
in some long-range signalling process. It is not 
yet understood how the other longitudinal and 
cross veins are positioned. 

Once placed, how is the prevein pattern elabo- 
rated? The evidence suggests that veins are elabo- 
rated using signalling via the Drosophila EGF Re- 
ceptor (EGFR) pathway. A combination of local- 
ized ligand expression, ligand processing, and dif- 
ferential sensitivity may localize EGFR pathway 
activity to prevein regions, but many of the de- 
tails need to be resolved. Vein formation is also a 
quite complex process, and adjustments of cell 
fates using the NOTCH and DPP pathways take 
place after the broader prevein regions are initial- 
ly specified. And as of this writing only a few of 
the many mutations known to affect venation 
have been analyzed at a molecular level. 

21.8 

WINGLESS, DECAPENTAPLEGIC, and Patterning 
in the Leg and Antenna 

21.8.1 

Dorso-Ventral Sectors 

and Circumferential Patterning 

In the anterior compartment of the leg and anten- 
na, dorsal and ventral cells respond differently to 
the posteriorly produced HH signal, dorsal cells 
by expressing high levels of dpp, ventral cells by 
expressing wg and only low levels of dpp. As dis- 
cussed above it is still uncertain whether the ante- 
rior of the leg is divided into two different lineage 
compartments, and no selector-like genes have 
been identified that could account for the differ- 
ence in responses. Whatever its cause, the differ- 
ence between dorsal and ventral leg is not abso- 
lute; it requires a mutual inhibition between dpp 
and wg (Fig. 7 A). In A/P boundary cells, WG sig- 
nalling is necessary and sufficient to inhibit high 



levels of dpp expression, and DPP signalling is ne- 
cessary and sufficient to inhibit wg expression. It 
has therefore been suggested that the different 
sectors of expression are set up very early in disc 
development by some non-selector gene mecha- 
nism, and are maintained only by this mutual in- 
hibition. A similar mutual inhibition operates be- 
tween the dpp and wg expressing regions of the 
genital disc. This mutual inhibition is not univer- 
sal to all discs, however, since in the prospective 
wing blade wg is expressed along the D/V bound- 
ary (see below), and where the A/P and D/V 
boundaries cross the regions of dpp and wg ex- 
pression overlap. In wing discs, dpp expression is 
not repressed by ectopic WG signalling, and the 
evidence that DPP reception is required to repress 
wg expression is mixed. 

As in the wing, it is thought that signals pro- 
duced by A/P boundary cells in legs, antennae 
and genital discs act as long-range morphogens, 
specifying the identity of cells around the circum- 
ference of the disc. In the simplest version of this 
model cells receiving high DPP signal but low 
WG signal would be dorsal, while cells receiving 
high WG signal but low DPP signal would be ven- 
tral; cells receiving lower levels of both would be 
lateral (far anterior or posterior, depending upon 
their state of enlinv expression; Fig. 7B). The ef- 
fects of loss or gains of WG and DPP signalling 
on leg patterning are largely consistent with this 
model. High WG/low DPP signalling is necessary 
and sufficient for the ventral-most pattern ele- 
ments, while high DPP/low WG signalling is ne- 
cessary and sufficient for the dorsal-most ele- 
ments. Less is known about the roles of DPP and 
WG in the specification of cell types distant from 
the A/P boundary. Low levels of ectopic WG can 
induce ventral cell types typically found more dis- 
tant from the wg-expressing cells, but no system- 
atic manipulations of the levels of WG or DPP re- 
ception have been reported. 



21.8.2 

Proximo-Distal Patterning^® 

DPP and WG are also involved in the proxi- 
modistal patterning of the leg and antenna. De- 
spite the mutual inhibition between wg and high 
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(A) Leg, antenna 



(C) Proximo-distal patterning in leg 
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Fig. 7A-C DECAPENTAPLEGIC and WINGLESS signalling 
in the leg. A Mutual repression between WG and DPP 
maintains separate dorsal and ventral expression patterns. 
Do rsal clones lacking DPP reception express wg {light 
gray)’^ ventral clones lacking WG reception express dpp 
(dark gray). B Model of circumferential patterning in the 
leg. High DPP signal induces dorsahmost pattern; high WG 
signal induces ventral-most pattern. Cells distant from the 
A/P boundary receive lower levels of both and form lateral 
patterns. C Proximo -distal gene expression in the leg imagi- 
nal disc. Top Late third instar leg disc. Distal cells express 
DUj proximal cells express hth (and import EXD into their 



nuclei) j and intervening cells express dac. At late third in- 
star the dac domain overlaps both the Dll and hth domains. 
Bottom model of proximo- distal patterning. Distal cells ex- 
pressing Dll receivie overlapping high levels of DPP and WG 
(bounded by dark lines)^ middle cells expressing dac re- 
ceive lower levels (bounded by gray lines)y and proximal 
cells expressing hth receive only DPP or WG, but not both. 
Overlapping high levels of DPP and WG initiate Dll and 
dac in distS cells, but later represses dac and hth. Medium 
levels of overlap induce dac but not Dlh and later repress 
hth but not dac 



dpp expression, the two meet at the prospective 
distal tip. This juxtaposition is critical: loss of 
DPP or WG signal can cause the loss of distal 
structures, and manipulations that create ectopic 
juxtapositions induce ectopic distal-like out- 
growths. A number of genes are specifically ex- 
pressed in the distal portion of the leg and anten- 
na, including the transcription factors encoded by 
aristaless and Distal-less (Dil), and these too are 
induced in cells surrounding ectopic dpp-wg jux- 
tapositions. 

Recent evidence suggests that at least some as- 
pects of proximo-distd fate are directly controlled 
by differences in WG and DPP reception 
(Fig. 7C). Again, gene activity can be used to 



mark positions within discs. The distal leg ex- 
presses Dlly while mid-proximal cells express the 
transcription factor encoded by dachshund (dac)^ 
In proximal cells the protein encoded by extra- 
denticle (exd) moves into the nucleus, apparently 
due the proximal expression of komothorax (hth). 
Experiments show that the juxtaposition of WG 
and DPP signals can initiate the distal and mid- 
proximal expression of Dll and dac; as expected 
from their expression patterns. Dll apparently re- 
quires higher levels of signal. Curiously once ini- 
tiated DU and dac expression can continue with- 
out continuous WG or DPP reception. The contin- 
uous, very high levels of combined signal found 
distally are, however, used to repress the expres- 
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sion of dac and hth in distal-most cells. Clonal 
analyses indicate that these effects are direct. 

The gene expression domains described above 
subdivide the leg into large subunits. However, 
legs are more finely subdivided along the proxi- 
mo-distal axis into jointed articles, more com- 
monly referred to as leg segments (Fig. 1 C). 
Many genes or enhancer traps are expressed in a 
subset of these segments, and a few mutations are 
known that affect these smaller subdivisions. 
However, little is known about the details of fine- 
scale proximo-distal specification. 

21.9 

NOTCH Signalling Across the D/V Boundary 
of the Wing’®'^^ 

The D/V lineage boundary of the wing is coincident 
with the expression boundary of the dorsal-specific 
selector gene ap. The D/V boundary is also the site 
of boundary-specific gene expression and tissue 
differentiation. However, unlike the A/P boundary, 
where boundary-specific genes are expressed on 
only one side of the boundary, at late third instar 
D/V boundary genes are expressed on both sides 
of the boundary (Fig. 8 A). Three genes are known 
that are expressed in a broadly graded fashion with 
high levels centered along the D/V boundary; these 
are scalloped (sd, encoding a transcription factor), 
vestigial (vg, encoding a nuclear protein) and DlL 
At mid-late third instar several genes are ex- 
pressed in a more tightly delimited three-six-cell- 
wide stripe of edge cells straddling the D/V bound- 
ary; these include wg, cut (encoding a transcription 
factor), some members of the Enhancer of split 
(E(Spl)) complex of transcription factors, and a 
boundary enhancer from the second intron of vg 
(vg intron-2). The D/V boundary is also the site 
of dorsal and ventral rows of margin bristles, 
which arise just outside the edge cells. When an 
ap~ clone is induced in the dorsal compartment 
of the wing, it induces not only a change in dor- 
so-ventral identity within the clone, it also 
changes the behavior of cells at the newly created 
boundary of ap expression. As along the normal 
boundary, cells on both sides of the ectopic ap 
boundary form the bristle types normally found 
along the normal D/V and express D/V boundary- 



specific genes, and more distant tissue reorganizes 
to form an ectopic outgrowth, mimicking the out- 
growth of the normal wing blade (Fig. 4B). This 
is most easily understood if there was signalling be- 
tween dorsal and ventral compartments that speci- 
fied boundary-specific cells. This is similar in prin- 
ciple to what had been discovered at the A/P 
boundary, but in this case there would have to be 
two signals, dorsal to ventral and ventral to dor- 
sal, to account for the specification of boundary 
cells on both sides of the D/V. 

It appears that the NOTCH signalling pathway 
(see Table 1) conveys both signals (Fig. 8B). The 
transmembrane receptor encoded by Notch is 
both necessary and sufficient for the expression 
of p/V boundary genes and cell types. The Sup- 
pressor of Hairless (Su(H)) transcription factor is 
thought to mediate much of NOTCH signalling, 
and the margin expression of vg intron-2 and 
some E(Spl) members has been shown to depend 
on the presence of SU(H) binding sites in their 
enhancers. 

The transmembrane NOTCH ligand encoded 
by Serrate is critical for the dorsal to ventral sig- 
nal. It is dorsally expressed under the control of 
ap during early to middle stages of wing disc 
development, is required for the expression of 
boundary gene types and cell fates, and is suffi- 
cient to induce boundary specific development in 
ventral but not dorsal cells. The transmembrane 
NOTCH ligand encoded by Delta may be part of 
the ventral to dorsal signal, but the evidence for 
an absolute requirement for Delta not compelling, 
and the expression of Delta is not limited to ven- 
tral cells. 

It was initially not clear how a single receptor 
such as NOTCH could be mediating two compart- 
ment-specific signals. What prevents NOTCH 
from receiving the SERRATE signal in dorsal 
cells, and from receiving the DELTA signal in 
ventral cells? Something must be modulating 
notch’s ability to be triggered by different li- 
gands. The best current candidate for this modify- 
ing factor is the product of the fringe gene. Like 
Serrate, fringe is expressed in dorsal cells under 
the control of ap, and while secreted its product 
appears to diffuse only a short distance. Studies 
show that FRINGE represses SERRATE-based sig- 
nalling, but potentiates DELTA-based signalling. 
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Fie, S. A Gene expression at the DA^ boundary in wing- v^, 
sa and DU are expressed in a broad, graded fashion, cen- 
tered around the D/V boundary, wg, cuty and some mem- 
bers of the E(Spl) complex are expressed in a narrow do- 
main of edge cells straddling the D/V. Margin bristle pre- 
cursors are formed just outside the edge cells* B NOTCH 
signalling and the induction of gene expression at bound- 
ary. Dorsal ap expression {hatched region) drives expres- 
sion of dorsal Serrate and fringe. SERRATE signals to ven- 
tral cells, but FRINGE blocks signalling to dorsal cells* Del- 
ta is expressed with a ventral biasi DELTA signals at high 
levels only to dorsal cells because of dorsal FRINGE. C 
Short-range and long-range action of WG signalling from 
the D/V boundary. WG is necessary and sufficient for mar- 
gin bristle precursor development, and is suificient, but 
only partially required, for vg expression. D Late feedback 
loop betiveen w^-expressing edge cells and Deltal Serrate- 
expressing flanking cells. WG stimulates Delta and 
expression in the flanking cells* DELTA and SERRATE stim- 
ulate wg expression in the edge cells 



Thus, the cells receiving the highest levels of 
NOTCH signalling will be those just on either 
side of the D/V compartment boundary, where 
dorsal SERRATE can signal to ventral cells lack- 
ing fringej and ventral DELTA can signal more 
strongly to dorsal cells expressing fringe. A posi- 
tive feedback loop between NOTCH signalling 
and ligand expression may also help concentrate 
signalling along the margin. 



(C> WG from D/V induces 
Pfisde precursors, 
gene expression 




(D) Late reciprocal signalling 
mai mains edge/flanking 
cell boundary 
D WG V 




DELTA/SERRATE 



21.10 

Wing Margin WINGLESS and Patteminq Within 
the Dorsal and Ventral Compartments^^' 

Beginning at early to mid-third instar, wg is ex- 
pressed at higher levels along the D/V boundary 
of the wing (Fig. 8 A). This wg appears critical for 
many aspects of proximo -distal patterning in the 
wing, and thus it has been suggested that WG 
acts as a long range morphogen and alone drives 
the proximo-distal patterning and outgrowth of 
the wing blade (Fig, 8C), much as DPP does for 
anterior-posterior patterning, WG does clearly act 
as a short-range morphogen; it is both necessary 
and sufficient for the gene expression and normal 
development of tissues near the D/V boundary, 
particularly the wing margin bristles. This short- 
range role for WG is not unique to the wing 
blade; WG is also expressed in and critical for the 
development of the notum and wing hinge. 
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WG also helps refine the region of wg expres- 
sion at the D/V boundary. Initially the region ex- 
pressing wg is quite fuzzy, but by mid to late 
third instar wg expression narrows to the stripe 
of “edge” cells along the margin; the boundary 
between edge cells and the flanking cells becomes 
very sharp. This boundary is maintained at least 
in part by a complex feedback loop between edge 
cells and flanking cells (Fig. 8D). WG signalling 
stimulates the expression of high levels of 
NOTCH ligands and represses wg expression in 
the flanking cells, and these NOTCH ligands in 
turn stimulate high levels of edge- cell gene ex- 
pression, including wg. 

However, there is still some debate about 
whether margin WG alone controls long range 
patterning and proximo-distal outgrowth in the 
wing. In one view, the membrane-bound NOTCH 
ligand acts very locally at the D/V boundary to 
induce the expression of wg; subsequently se- 
creted WG alone acts as a long-range morphogen, 
inducing proximo -distal outgrowth in tissues dis- 
tant from the D/V boundary. WG signal reception 
is indeed sufficient for some aspects of proximo- 
distal patterning and gene expression. However, 
autonomous reduction of WG reception only par- 
tially reduces the expression of vg. The case that 
margin WG alone controls wing outgrowth is also 
equivocal, wg expression is not localized to the 
margin until approximately mid-third instar, but 
substantial outgrowth occurs prior to this. Ectopic 
WG can cause some outgrowths, but overgrowth 
has not yet been observed in clones with autono- 
mous gains in WG reception. Thus it remains 
possible that other signals are required. 

21.11 

Mechanisms Underlying Compartmental 
Lineage Restrictions’ ”'^^ 

How are the lineage boundaries maintained? Poste- 
rior or dorsal clones lacking the appropriate selec- 
tor gene no longer obey their respective lineage re- 
strictions. However, the cellular mechanisms that 
normally maintain these restrictions are poorly un- 
derstood. Theoretically, regions of cell death local- 
ized to the boundary could maintain lineage 
boundaries, but such regions have not been de- 



tected. It was also suggested that the D/V restric- 
tion in the wing is established by creating a zone 
of non-proliferating cells at the D/V. However, re- 
cent analyses indicate that this zone appears too 
late in development and cannot account for the be- 
havior of clones at the D/V. 

Most researchers have therefore argued that se- 
lector genes trigger the expression of compart- 
ment-wide differences in cell affinity or adhesion, 
and it is the differences in affinity that prevent 
cells in adjacent compartments from intermixing 
(the selector- affinity model; Fig. 9 A). However, as 
yet no compartment- specific adhesion or affinity 
molecules have been found that could account for 
the A/P or D/V restrictions. Attempts have been 
made to measure differences in the sorting and 
adhesion of dissociated cells from each compart- 
ment, but the results have been equivocal. 

However, since boundary cells are differentially 
specified, it is possible that it is these cells alone 
that maintain the lineage restriction. At the A/P, 
the simplest model would posit a difference in af- 
finity only between cells that have and have not 
received the HH signal (Fig. 9B). In this signal- 
ling-affinity model, posterior clones lacking en 
and inv would cross the A/P because enlinv no 
longer repressed their ability to respond to HH; 
the cells would now resemble boundary cells on 
the anterior side of the A/P. Consistent with this 
model, when anterior cells are blocked from re- 
ceiving the HH signal they no longer obey a line- 
age restriction at the site of the normal A/P and 
cross into anatomically posterior territory. How- 
ever, such cells do not perfectly intermix with 
posterior cells, suggesting that factors other than 
HH signalling are involved. 

21.12 

Tissue Polarity 

Many patterning events in addition to those de- 
scribed above are currently being examined in 
imaginal discs. One of the most fascinating of 
these is the specification of tissue polarity. Most 
cells in the adult ectoderm express a polarity 
within the epithelium. Each epithelial cell in the 
wing, for instance, is decorated with a hair 
(sometimes termed a trichome), and these gener- 
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Fig, 9. Two alternate models to explain the A/P 
lineage restriction* In the selector- affinity model, 
expression directly stimulates the expression of 
posterior-specific affinity or recognition molecules. 
In the signalling-affinity model, cells that have re- 
ceived the HH signal express boundary- specific af- 
finity or recognition molecules 



fr/zz/ed'clone in wing alters hair polarity 
within and outside done boundaries 




Fig, 10, Detail of a wing containing a frizzled' done (out- 
lined). The wing hairs, each secreted by a single cell, nor^ 
mally point distally, but that polarity is disrupted within 
and surrounding the clone, (After Adler et al 1997) 



ally point distally {Fig, 10), The parallel arrange- 
ment of hairs appears during pupal development 
after most cells have begun terminal differentia- 
tion, A number of mutations have been isolated 
that disrupt tissue polarity without, for the most 
part, disrupting other aspects of differentiation. 
Polarity relies at least partially on signals 
passed between neighboring cells; mutant wing 
clones with disrupted polarity can in many cases 
disrupt the polarity of adjacent wild-type cells 
(Fig, 10). Interestingly, one gene required for po- 
larity is frizzledy which encodes a transmembrane 
protein capable of transducing WG/WNT-like sig- 
nals in vitro, WG is apparently not required for 
most aspects of tissue polarity, but several other 
members of the WG/WNT family of growth fac- 
tors have been isolated in Drosophila^ and it will 
be interesting to see if they play roles in this pro- 
cess, dishevelled, a member of the WG signalling 
pathway is also required for normal tissue polar- 



ity; however^ the polarity pathway downstream of 
dishevelled diverges from the WG pathway, and 
apparently involves signalling via JNK, 



21,13 

Development of the Imaginal Disc 
Primordial' “ 

The disc primordia become morphologically iden- 
tifiable during the middle stages of embryogen- 
esis as small clusters of cells that have invaginated 
from the embryonic epidermis. Several molecular 
markers are expressed in all or a subset of these 
cells, and molecular markers also exist which de- 
fine specific discs. The best-studied disc primor- 
dia are those of the leg, wing and haltere discs. 
These arise in the mid-lateral epidermis and 
straddle the paras eg ment boundaries of the em- 
bryo, which separates in each segment of the em- 
bryo posterior cells expressing en and anterior 
cells expressing wg. Thus, when it forms each 
disc pnmordium is already subdivided into en-ex- 
pressing and non -expressing cells. Since wg is ne- 
cessary for the formation of the primodia it may 
play a role localizing them along the anterior-pos- 
terior axis of the embryo. The primodia also lie 
near a mid-lateral stripe of cells expressing dpp, 
and this initially suggested that the intersection of 
the wg and dpp-expressing stripes might stimu- 
late disc development, much as that intersection 
defines the distal tip of the leg and antenna. How- 
ever, recent experiments show that in fact dorsally 
expressed DPP inhibits disc formation; in the ab- 
sence of DPP, the disc primodia now extend from 
lateral to dorsal regions of the embryo. 
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Molecular markers initially identify just a single 
disc primordium in each of the three thoracic seg- 
ments. Only later in development are two primor- 
dia visible, the ventral corresponding to the leg 
and the dorsal corresponding the dorsal prothor- 
acic, wing or haltere discs. The evidence strongly 
suggests that the dorsal disc primordium is pro- 
duced by a group of cells that split off from the 
original disc primordium. This agrees with earlier 
lineage analyses, as single marked clones that are 
generated early in development can extend into 
both leg and wing, even though such clones are 
limited to a single compartment in both tissues. 
Recent evidence further suggests that DPP signal- 
ling helps subdivide the initial disc primordium 
into distal leg, proximal leg, and wing subregions. 

21.14 

Disc-Specific Identities 

21.14.1 Homeotic Mutations 

The initial specification of different disc identities 
along the anterior-posterior axis of the embryo 
involves many of the same factors that control 
embryonic anterior-posterior patterning. The seg- 
ment-specific expression of the two clusters of 
HOX transcription factors, the Antennapedia 
Complex and the Bithorax Complex, plays a major 
role in establishing and maintaining segment-spe- 
cific identities, and altered expression of these 
genes cause homeotic transformations in the 
identity of particular appendages. For instance, 
misexpression of the thorax-specific HOX gene 
Antennapedia (Antp) in the antenna causes anten- 
na to leg transformations. 

Interestingly, the HOX control of disc identity 
does not mimic exactly its control of embryonic 
pattern. In part this is due the fact that the ex- 
pression patterns and function of the HOX genes 
change during development. In the embryo most 
HOX genes act within domains defined by para- 
segment (A/P compartment) boundaries, but in 
some cases the same genes act throughout both 
compartments of a disc in domains defined by 
segment boundaries. Expression domains can also 
shrink during disc growth, so late removal may 
have more limited effects on disc identity than 



expected. Factors other than the HOX genes have 
also acquired novel roles in controlling disc iden- 
tity. In fact, HOX genes may act via these factors; 
hth and exd help specify antennal fates, and it has 
been suggested that Antp specifies leg only by 
suppressing hth expression. 

There are also genes that influence dorsal 
(wing, haltere, eye) vs. ventral (leg, antenna) 
fates, an axis not controlled by the two HOX com- 
plexes. Misexpression of vg, normally expressed 
only in wing and haltere discs, can transform leg 
to wing. Misexpression of Dll, which at early 
stages of development is found only in the leg 
disc primordium, can transform wing to leg. Sev- 
eral genes expressed in the eye (eyeless, eyes ab- 
sent, sine occulis, dac) are necessary for normal 
eye development and can induce ectopic eyes in 
other imaginal discs. It is interesting to note that 
many of these genes are also involved in later pat- 
terning; apparently these genes play different 
roles at different stages of development. 

21.14.2 

Transdetermination 

Under unusual circumstances, mature imaginal 
discs can lose their identities and transdetermine 
into tissue appropriate for another imaginal disc. 
This occurs when isolated discs are cultured for 
long periods in adult female abdomens or when 
discs are cut into fragments to induce regenera- 
tion (see below). Most of these transdetermina- 
tion events mimic the homeotic transformations 
induced by loss or gain of gene expression. How- 
ever, the entire disc does not transdetermine; line- 
age tracing has shown that all the transdeter- 
mined cells are derived from a small hot spot 
within the mature disc. 

Curiously, misexpressing signalling genes like wg 
and dpp in an otherwise normal disc can also in- 
duce transdetermination. This induces transdeter- 
mination of leg to wing, and is accompanied by 
the ectopic expression of vg, normally only found 
in wing and haltere. The location of the transdeter- 
mined cells suggests that the critical factor is the 
abnormal juxtaposition of high levels of DPP and 
WG signalling in the proximal leg, a juxtaposition 
normally only found in distal leg and wing. 
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21.15 

Disc Growth Control 
and Overgrowth Mutations 

Each imaginal disc grows from tens of cells in the 
embryo to tens of thousands of cells in the late 
third instar larva. Despite the irregular growth of 
individual marked clones, each disc reaches a 
characteristic size and shape, so the overall pat- 
tern of growth must be tightly controlled. By late 
third instar cell division in the discs is nearly 
complete. In the wing disc, for instance, with the 
exception of the sensory organ precursors disc 
cells are mitotically quiescent for the first 12 h of 
pupal development, and subsequently divide only 
once or twice. Interestingly, growth is controlled 
autonomously within the disc. Immature discs 
will grow after they have been transplanted into 
the abdomen of an adult female fly. In this abnor- 
mal environment, which lacks the hormonal con- 
trols of the larva, discs still stop growing when 
they reach approximately their mature size. There 
is also separate control of cell division and cell 
size. When cell division is blocked within a group 
of cells during the third instar those cells can still 
grow to form a nearly normal sized portion of 
the disc; the non-dividing cells simply become 
larger than their neighbors. 

Growth control must be linked to the pattern- 
ing mechanisms described above. Indeed, expres- 
sion of excess DPP produces wing discs that are 
severely overgrown in the anterior-posterior axis, 
while excess NOTCH or WG signalling can induce 
proximo-distal overgrowth. Losses in DPP, WG, 
NOTCH and EGFR signalling have drastic effects 
on disc size, and the loss of many patterning 
genes can reduce the size of adult appendages. 
Even a role for nitric oxide signalling in growth 
control has been suggested. 

It is not clear how direct these effects are, espe- 
cially as there is no convincing evidence that clonal 
gains in signal reception lead to increased clone 
sizes; but there is some work that shows that the 
pattern of cell divisions observed in late third in- 
star and pupal discs and the expression of cell cy- 
cle regulators can be directly affected by the recep- 
tion of developmental signals; the examples are WG 
and NOTCH signalling along the wing margin, and 
DPP signalling in the developing retina. 



Another approach has been to isolate muta- 
tions in which imaginal discs have overgrown. 
Many such overgrowth mutations are now known, 
all of which result in discs that fail to arrest 
growth at the proper stage in development. Inter- 
estingly, the growth rate of discs in most such 
mutants is, in fact, slower than normal. Over- 
growth takes place during an abnormally long lar- 
val period; the evidence suggests that discs that 
are still growing can signal to the larva and delay 
the onset of metamorphosis. Interestingly, many 
overgrowth mutations disrupt proteins involved in 
cell junctions. Thus it appears likely that junc- 
tion-mediated intercellular communication is ne- 
cessary for growth regulation. 

21.16 

Regeneration of Discs 

Fragments of mature imaginal discs are capable of 
extensive regeneration if cultured for a sufficient 
period in the abdomen of an adult, and can form 
recognizable tissues when subsequently trans- 
planted into a metamorphosing larva. There was 
a large body of work done in the 1970s and early 
1980s on regeneration, and the conceptual frame- 
work that evolved for understanding regeneration 
is in many ways quite distinct from the types of 
models outlined above for normal disc develop- 
ment. For instance, the polar coordinate model of 
regeneration relied on widely distributed short- 
range signals, not upon special boundary regions 
secreting long-range signals like HH, WG or DPP. 

Intriguingly, there are some situations where 
small disc fragments can duplicate and apparently 
form correctly patterned tissues without the for- 
mation of the cell types normally found at com- 
partment boundaries; this is a true repatterning 
event, as duplicated structures are not formed 
from analogous cells in the original fragment 
(Fig. 11). Only a little work has been done on re- 



Fig. 11. Schematic representation of duplication by a poste- 
rior fragment of the wing imaginal disc 
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generation since the roles of compartment bound- 
aries and long-range signalling molecules were 
uncovered, and their involvement in such pattern- 
ing remains untested. 

21.17 
Outlook 

Recent advances in techniques and a more de- 
tailed understanding of signalling pathways have 
allowed researchers to examine the patterning of 
imaginal discs in great detail over the last few 
years. Several patterning paradigms have become 
well established as research systems, and I have 
tried here to review both those paradigms and 
the models currently favored. However, most of 
this work is based on only five easily manipulated 
signalling pathways: HH, DPP, WG, NOTCH and 
EGFR. Admittedly, there are many details yet to 
be worked out about the nature and timing of 
this signalling, and interactions between these 
pathways. But it should be noted that other stud- 
ies, such as those on tissue polarity, growth regu- 
lation and regeneration, suggest the existence of 
as yet unknown patterning mechanisms. It will be 
interesting to see whether such unknown mecha- 
nisms play major or only minor roles in the spe- 
cification of tissues in discs. 

21.18 Summary 

The lineage compartment boundaries of imaginal 
discs become, through HH or NOTCH signalling 
between compartments, the sites of boundary- 
specific gene expression. These boundary-specific 
genes include those encoding for diffusible mor- 
phogens, such as WG and DPP. These morpho- 
gens play major roles specifying the cells both 
near and distant from compartment boundaries, 
controlling anterior-posterior and proximo-distal 
patterning within compartments. Thus, compart- 
ment boundaries establish axes that can organize 
much of imaginal disc patterning. However, sig- 
nalling from boundaries appears to specify pat- 
tern only roughly, and local interactions within 
the compartments must refine positional informa- 
tion before cells become terminally differentiated. 
Results also suggest the existence of patterning 



mechanisms that are independent of compartment 
boundaries; indeed, some of the lineage compart- 
ments must be established by such mechanisms. 
The roles of compartment boundaries in phenom- 
ena like tissue polarity, growth control, trans- 
determination and regeneration have yet to be 
firmly established. 
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22.1 

Introduction ' 

Classical forward genetics identifies genes based 
upon the phenotype that results when the gene is 
mutated; the gene itself can then be molecularly 
cloned. This is in contrast to reverse genetics, in 
which the consequences of the absence of gene 
products are determined either through the use of 
inhibitors of the gene products, the expression of 
dominant negative alleles, or, in the case of mice, 
the use of homologous recombination in embryo- 
nic stem (ES) cells to create a null allele of the 
gene. The primary distinction between the reverse 
genetic approaches and the forward genetic 
approach is that in the former, the gene products 
must be identified prior to the assessment of their 
role in a biological process, while in the latter it 
is their essential role in that process which identi- 
fies them. If one’s interest is to define the role of 
a specific protein, a specific signaling pathway, or 
a gene whose human homologue is implicated in 
a disease, then the reverse genetics approaches 
are ideal. However, if one’s primary interest is, 
for example, a developmental process, the most 
straightforward way to identify the genes essen- 
tial for that process is to perform a forward ge- 
netic screen. 

The fruit fly. Drosophila melanogastery and the 
nematode, Caenhabditis elegans, are ideal for for- 
ward genetic analysis; the ability to perform satu- 
ration mutagenesis in these organisms allows the 
identification of all, or nearly all, of the genetic 
loci required for any given developmental process 
for which an appropriate assay can be devised. 
Such genetic screens and the subsequent cloning 
of the affected genes has led to major advances in 
understanding the developmental programs of 
these two organisms, as the genetic analysis was 



supplemented by the ability to detect, manipulate, 
and define biochemical functions for the individ- 
ual gene products. However, it is clear that many 
developmental processes will differ between either 
of these invertebrates and vertebrate organisms. 
Yet, the traditionally studied vertebrate model or- 
ganisms are not well suited for the forward genet- 
ic approach: the chicken and frog have long gen- 
eration times, and mice develop in utero, traits 
which make screening for developmental defects 
difficult if not impossible. Furthermore, while a 
limited forward genetic screen might be possible 
in mice through the use of gene traps and ES 
cells (see below) the raising and housing of the 
number of independent genetic lines required for 
a large-scale screen is impractical for single labo- 
ratories. Can a forward genetic screen be per- 
formed in a vertebrate? 

In the past decade, the zebrafish has become a 
popular model organism for vertebrate develop- 
mental biology because it is amenable to forward 
genetic analysis. The zebrafish combines rapid 
early development, an embryo which is accessible 
to direct observation and manipulation, large 
numbers of progeny from single matings, a rela- 
tively short generation time (about 3 months), 
and relatively small space requirements such that 
a single lab can raise and maintain thousands of 
independent lines. Many of the embryological 
analyses that have been done in the frog have 
been repeated in the fish, including the develop- 
ment of fate maps, the use of cell transplants to 
determine both the inductive properties and state 
of commitment of individual cells, and induction 
assays in cultured explants. 

Additionally, parthenogenetic zebrafish em- 
bryos can be generated by a variety of methods. 
These methods allow the identification of mutants 
without the requirement for breeding genetic 
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lesions to homozygosity, allow the creation of es- 
sentially inbred strains, and facilitate certain map- 
ping procedures. Gynogenetic diploids (i.e., both 
chromosome sets inherited from the mother) can 
be created by two methods, each of which utilizes 
oocytes activated by sperm that has been UV-irra- 
diated so that it provides no genetic information. 
One method produces true homozygotes at all 
loci by suppressing the embryo’s first mitotic clea- 
vage division. The other prevents the completion 
of the second meiotic division, allowing the con- 
sequences of crossing over to be observed in the 
resultant half-tetrad diploids. Besides parthenoge- 
netic diploids, haploid embryos can be generated 
which develop quite normally for the first 2 days 
of development, at which point they develop visi- 
ble abnormalities resulting in death by the 5 th or 
6 th day. However, all of these methods produce 
some non-mutant, aberrant embryos which can 
complicate the identification of mutants. Thus, 
while a number of important mutations affecting 
early development have been found by partheno- 
genetic screens, far more mutants in early devel- 
opment of the zebrafish have been found in large- 
scale diploid screens, whereby mutants are iso- 
lated in nearly all developmental processes, from 
early pattern formation to organogenesis. 

22.2 

Large-Scale Chemical Mutagenesis in Zebrafish 
22.2.1 

Large-Scale Screens^ 

Two laboratories, that of Nusslein-Volhard in Tu- 
bingen, Germany, and that of Driever in Boston, 
Massachusetts, have carried out large-scale chemi- 
cal mutagenesis screens. Their goal was to reach 
saturation, that is, to mutate and identify every 
gene required for normal embryogenesis. Pilot 
screens were first conducted to determine single 
hit rates at specific loci. This is done by mutagen- 
izing founders with N-ethyl-N-nitrosourea (ENU) 
and crossing them to tester fish which were het- 
erozygous for one (or more) of four pigment mu- 
tations. The percentage of noncomplementers was 
determined for each locus. In one study, this var- 
ied from 0.13 to 0.33% per locus, that is from 



about one to three hits per 1000 haploid genomes 
screened. Thus the goal was to screen 3000 hap- 
loid genomes in the Tubingen screen, which was 
expected to reach at least 95% saturation, and 
1600 haploid genomes in the Boston screen, 
which was expected to reach at least 85% satura- 
tion. 

Both screens were carried out similarly (see 
Fig. 1). ENU-treated founder fish were outcrossed 
to produce Fi fish, each of which should have car- 
ried unique genetic lesions. Fi fish were crossed 
to each other such that F 2 families were enriched 
for mutations, and multiple sib-crosses were 
screened for every F 2 family. Since any mutation 
carried by a heterozygous Fi will be present in 
half of the fish in the F 2 family, one quarter of the 
crosses should produce the mutant phenotype. An 
average of four to five successful crosses per F 2 
family were, in fact, analyzed, thus about 70% of 
the mutagenized genomes were actually screened. 
Based on these estimates, the Tubingen group 
screened 3857 mutagenized genomes while the 
Boston group screened 2337 genomes. Thus, both 
groups appeared to exceed their goals. However, 
further analysis suggests that they did not achieve 
saturation. The final results suggest that perhaps 
the average locus hit rate estimates were too high, 
and that only about 50% saturation was reached 
in Tubingen, and less than this in Boston. This is 
based on the average allele frequency for the 
mutants obtained and the size of the single allele 
class. The estimated screen requirements may 
have been low either because the loci used in the 
single loci tests might have had higher than aver- 
age mutagenic frequencies, or because weak al- 
leles would probably give an easily scorable phe- 
notype in trans to the strong tester alleles, while 
in the real screen, some weak alleles might be 
missed when homozygous. 

In each screen, about 70% of the mutations 
were discarded as non-specific; this included gen- 
eral degeneration, central nervous system (CNS) 
necrosis followed by general degeneration, and 
general retardation. Because these phenotypes 
were so frequent, mutants of these types could 
not be placed in complementation groups. The 
other 30% of the mutations recovered were con- 
sidered specific and about two thirds of these 
have been placed in complementation groups. 
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Fig. 1. Breeding scheme for large- 
scale chemical mutagenesis F 3 
screen 



Chemical mutagenesis: F3 screen 
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3. Cross FI fish to generate 
an F2 pool in which half of the 
fish will carry any inherited 
mutation 



4 . Screen multiple crosses 
within each F2 pool; any 
mutation will be homozygosed 
in 25% of the crosses 



Thus the Tubingen group kept at least 372 genes, 
of which as many as 25% are represented by a 
single allele, while the Boston group reported at 
least 220 specific defect genes, with an even high- 
er single allele rate. Assuming that the allele fre- 
quency for the non-specific mutations was the 
same as for the mutations which were kept, a 
rough estimate predicts about 2400 loci which 
would mutate to embryonic lethality or visible 
phenotpye. Of these, 700-800 could be expected 



to have specific defects in patterning or organo- 
genesis. 

The mutants kept by these groups fall into a 
diverse array of phenotypic classes. About 10% 
display early phenotypes which either arrest dur- 
ing epiboly, affect gastrulation, or appear to dor- 
salize or ventralize the embryo. Another 7% affect 
mesodermal derivatives, the notochord and mus- 
cle, 15% affect the central nervous system (not 
including the CNS degeneration mutants noted 
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above), and 5% affect head cartilage. Nearly 25% 
of the mutants affect pigmentation, while another 
25% affect specific organs such as the eye, ear, 
heart, blood, liver, gut, or kidney. About 13% had 
motility defects, both with and without visible 
muscle fiber defects. Finally, 3% had defects in 
the correct spatial projection of axons from the 
retina to the tectum, which was detected in a par- 
allel screen in which the retinas were injected 
with lipophilic dye and the axons were traced. 
Most of these mutants also have other defects in 
addition to the retinal-tectal projection defect and 
all but two are lethal. 



22 . 2.2 

Prospects for Cloning Chemically Mutated Genes ^ 

While the phenotypes of these various mutants 
can and will be studied in great detail, a true mo- 
lecular understanding of both the mutations and 
the processes that they perturb will require the 
cloning of the mutated genes. As ENU produces 
predominantly point mutations, the cloning of the 
chemically mutated genes will require positional 
cloning strategies or a candidate gene approach. 
Positional cloning will require a good genetic 
map and strategies for cloning the genes based 
upon genetic position. 

The zebrafish genome is estimated to be about 
1.6x10^ bp, and occupies 25 chromosomes. Two 
separate linkage maps have been made. One is 
based on simple sequence length polymorphisms 
(SSLPs), and when completed will contain 2000 
markers. The other map is based on random am- 
plified polymorphic DNAs (RAPD markers), and 
currently includes 652 markers mapped from the 
haploid progeny of a single fish heterozygous for 
two laboratory strains. While using RAPD mar- 
kers is very cost-efficient, they have two draw- 
backs: first, because most of the markers are 
dominant, analysis can only be done with hap- 
loids; and second, the RAPD markers mapped are 
only appropriate for the two strains used to make 
the map, and thus may not be of use for mutants 
in other strains. Even when the RAPD and ex- 
panded SSLP maps are integrated with each other 
and any other polymorphisms (polymorphic mar- 
kers from over 100 genes are currently mapped to 



either the RAPD or SSLP map), the average inter- 
maker distance will be about 1 cM. Furthermore, 
as fish strains are not truly inbred, only some 
proportion of these markers will be polymorphic 
for any given cross. 

After mapping a mutation to within a few cM 
of one of these markers, two options exist for 
cloning the genes. Large-insert genomic libraries 
in YAC, BAG, and PAG vectors are available for 
pure positional cloning, thus it should be possible 
to walk from a linked marker to contigs which 
cover the 400-800-kbp locus in which a gene 
should reside. Once the locus has been defined by 
one or a few contigs, one can then identify tran- 
scripts in the region. Deciding which of these 
transcripts represents the mutated gene can still 
represent a significant challenge, and to date only 
two zebrafish mutant genes have been cloned 
purely on the basis of map position. Gurrently, it 
is estimated that every gene positionally cloned 
will require greater than one researcher-year of 
work. 

The other option is the use of a positional can- 
didate gene approach, whereby mutations are 
roughly mapped, and then one surveys the tran- 
script map in this region to look for attractive 
candidates. This strategy will surely result in the 
cloning of many of the newly isolated zebrafish 
mutants; 13 successes have been reported as of 
this writing, in most cases with a gene already 
well known to developmental biologists. Gontin- 
ued success of this approach will rely upon a den- 
ser map of cloned zebrafish genes, and will be 
aided greatly by an expressed sequence tag (EST) 
project whereby ESTs are both mapped and their 
expression pattern determined by in situ hybridi- 
zation. The undertaking of such a project on a 
sufficient scale to aid in the cloning of many 
genes is underway and should be completed with- 
in several years. Synteny will also make genomics 
data from other vertebrate organisms useful. 

From these considerations, it seems likely that 
many of the chemically induced mutations will be 
difficult to clone for at least the next two or three 
years. Due to the level of effort each will require, 
only a small subset of those which are not found 
by the candidate gene approach will probably be 
attempted. If the power of zebrafish genetics is to 
be brought to its full potential, what is required is 
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a method which allows the rapid cloning of mu- 
tated genes, both novel and known. A tool that 
has helped realize this goal in other organisms is 
insertional mutagenesis, whereby DNA of known 
sequence is used as both the mutagen and a mo- 
lecular tag to aid in the cloning of the disrupted 
gene. 

22.3 

Insertional Mutagenesis in Other Animals^ 

The animals in which insertional mutagenesis 
has been most fully exploited are C. elegans and 
Drosophila. In both cases, the method of choice 
has been to utilize endogenous transposable 
elements or vectors derived from them, a strategy 
called transposon tagging. These transposable 
elements are induced to insert into new sites, and 
these new insertions can be screened for muta- 
tions either by inbreeding or non-complementa- 
tion to previously identified mutations. In Droso- 
philuy using the P element transposon, about 15% 
of insertions resulted in the mutation of genes 
that were required either for viability or fertility. 
However it was estimated that only 30-50% of the 
genes that could be mutated by EMS could be 
efficiently mutated by P elements, suggesting the 
possibility of insertion-site preferences. P element 
integrations also show a marked preference for 
the 5' ends of genes, further suggesting that 
target selection is not random. Nevertheless, P 
element tagging has allowed the creation of a li- 
brary of insertions which currently contains inser- 
tions in over 700 loci, about 20% of the genes 
which can be mutated to a scorable phenotype in 
the fly. 

Insertional mutagenesis has also been used 
successfully in mice, using two different types of 
insertional elements as the mutagen, plasmid 
DNA and retroviruses. Each has been delivered in 
several ways, plasmids by pronuclear injection of 
fertilized eggs or electroporation of ES cells, and 
retroviruses either by infection of embryos or in- 
fection of ES cells. Because the method of deliv- 
ery of the exogenous DNA can affect both the site 
of the insertions and the state of the locus after 
the insertion, these different methods have varied 
in their success. For example, 8-10% of insertions 



made by microinjection of plasmids lead to em- 
bryonic lethal mutations. However, these integra- 
tion events often result in deletions and rearran- 
gements at the chromosomal site of the insertion, 
which has frequently made the cloning of the 
affected gene very difficult. In contrast, when 
inbreeding insertions made by retroviral infec- 
tion, it was found that about 5% cause recessive 
mutations. Retroviral infection leads to the inte- 
gration of proviral DNA without causing any 
greater chromosomal damage than short (4-6 bp) 
duplications on either side of the insertion 
site; thus the genes disrupted by retrovirally in- 
duced insertional mutations have proved easier to 
clone. 

While insertional mutagenesis in mice by retro- 
viral infection does lead to relatively easy cloning 
of the mutated genes, it does not seem practical 
to generate a very large number of mutations in 
mice at a frequency of 1 in 20 insertions. Given 
both the cost of generating and maintaining so 
many lines of mice and the fact that the in utero 
development of the embryo precludes the ability 
to readily screen for developemental defects di- 
rectly, requiring the molecular genotyping of live 
births, it is unlikely that any laboratory could 
generate very many mutants by this method. This 
has led to the desire to preselect for insertions 
likely to be mutagenic. One possible way of 
achieving this is the use of gene trap vectors in 
ES cells. Gene traps contain a reporter gene 
without its own promoter and thus require inser- 
tion within a gene to be activated. When ES cells 
containing activated trap insertions were used to 
generate chimeric mice, a variety of patterns of 
expression of the reporter gene were seen, de- 
monstrating that these insertions had occurred in 
genes with different developmentally regulated 
patterns of expression. Furthermore, after passage 
through the germ-line, roughly half of these inser- 
tions proved mutagenic when bred to homo- 
zygosity, an enrichment of tenfold over unselected 
retroviral integrations. Nevertheless, due to the 
inability to maintain sufficient numbers of trans- 
genic lines to inbreed and screen, gene trap 
mutagenesis, applied to the mouse, is unlikely to 
lead to the identification of a significant propor- 
tion of the genes required in embryonic develop- 
ment. 
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22.4 

Transgenesis in Zebrafish 

While insertional mutagenesis in flies and mice 
has demonstrated mutagenic frequencies of 5- 
15%, it is possible that the frequency could be 
somewhat lower in the zebrafish. Based upon the 
genome size and the number of embryonic lethal 
loci estimated from the chemical screen, one 
might not expect more that a few percent of ran- 
dom insertions to occur within an essential gene. 
Thus, in order to contemplate an insertional mu- 
tagenesis screen in zebrafish, one must start with 
a method for transgenesis which is capable of 
generating and identifying tens of thousands of 
insertions. Saturation would require several hun- 
dred thousand randomly located insertions. 

22.4.1 

Microinjection of Plasmid DNA^ 

Germ-line transmission of exogenous DNA in 
zebrafish was first achieved by the microinjection 
of plasmid DNA into the cytoplasm of one-cell 
stage embryos. Unlike pronuclear injection of 
mouse embryos, integration of DNA seems to take 
place many cell cycles later, such that embryos are 
highly mosaic with respect to integrated DNA. 
Typically, 5-10% of injected embryos transmit the 
foreign DNA to their progeny, although higher 
frequencies have been observed. The germ-line of 
founder fish is mosaic such that anywhere from 
2-50% of the Fi generation is transgenic. Founder 
fish usually transmit a single transgenic locus, 
though occasional founders have been found 
which transmit two or more loci. Fi fish are not 
mosaic and thus transmit the transgenes in a 
Mendelian fashion. The inherited transgenes can 
vary from single copy inserts to arrays of over 
one hundred copies, which can include head-to- 
tail, head-to-head and tail-to-tail multimers of the 
plasmid DNA; partial deletions of the plasmid 
have also been observed. 

Transgenic Fi fish made by microinjection have 
been shown to be capapble of expressing reporter 
genes, such as chloramphenicol acetyl transferase 
(CAT), lacZ and green fluorescent protein (GFP). 
Both lacZ and GFP expression could be detected 
in live embryos, lacZ by the use of fluorescein-di- 



galactose, a lipophilic dye which releases fluores- 
cein when cleaved by the lacZ gene product, and 
GFP by its intrinsic fluorescence. While trans- 
genes expressing either of these reporters could 
aid in the identification of insertion-transmitting 
founders and their transgenic progeny, the low 
frequency of transgenesis and the unpredictable 
rearrangements of both the transgenes and flank- 
ing chromosomal DNA hinder the feasibility of 
using DNA microinjection as a method for inser- 
tional mutagenesis. However, it remains possible 
that improvements in this method could be made 
that might increase the frequency and make for 
more predictable structures of the integrants, such 
as the use of nuclear localization peptides, integrase 
enzymes, or a transposon-based approach. 

22.4.2 

Infection with Pseudotyped Pretroviral Vectors^ 

To date, the most successful method for making a 
large number of independent transgenic lines in 
zebrafish has been through the use of pseudo- 
typed retroviral vectors. Retroviruses have been 
popular vehicles for insertional mutagenesis in 
mice because they integrate at a single copy per 
locus without causing any further distortions in 
the genomic DNA which might impede the clon- 
ing of disrupted genes. While murine retroviruses 
will not infect fish cells, one can make pseudo- 
typed retroviruses which will. Pseudotyping is a 
process in which virions contain the genome and 
core proteins of one virus but the envelope pro- 
tein of another, in order to extend the host-range 
of the retrovirus. By encapsidating a Moloney 
murine leukemia virus (MoMLV) core with the 
envelope glycoprotein (G-protein) of the pantropic 
vesicular stomatitis virus (VSV), the host-range of 
this retrovirus was extended across species from 
insects to fish to mammals. The pseudotyped vir- 
ions that are most frequently used are replication- 
defective retroviral vectors; their genetic material 
no longer encodes the genes that are required for 
the retrovirus to replicate and thus spread to 
other cells after infection. Such pseudotyped ret- 
roviral vectors have been used for infection of the 
zebrafish germline by injecting virions into blas- 
tula-stage embryos. 
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Fig, 2, Transmission of pmviral inserts 
by mosaic founder injected with high- 
titer pseudo typed retrovirus at mid- 
blastuia stage 
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Viral particles can be concentrated 1000-fold 
by ultracentrifugation, resulting in the ability to 
make very high titer stocks of these viruses. Giv- 
en sufficiently high-titer stocks of a pseudotyped 
retroviral vector, every injected embryo which 
grows up will transmit proviral insertions to its 
progeny The germlines of these founders are mo- 
saic, so any given insertion is only inherited by a 
few percent of its progeny These Fi progeny are 
non-mosaic for the insertions and transmit them 
in a Mendelian fashion to 50% of their progeny 
The average founder will transmit at least a dozen 
different insertions, which can be distinguished 



by their different- size junction fragments when 
their genomic DNA is analyzed on a Southern 
blot. In other words, a few offspring will inherit 
one insertion, a few will inherit another, a few an- 
other, and so on. Additionally, some individual Fi 
fish can harbor more than one of these inser- 
tions; as many as ten insertions inherited by a 
single Fi have been seen. The distribution of in- 
sertions amongst progeny of a typical injected 
founder is illustrated in Fig. 2. 

This mosaic distribution of insertions through 
the germline is perhaps most easily understood if 
one considers what is happening in the injected 
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embryo. Independent integration events are hap- 
pening in many, possibly most cells; including 
primordial germ cells (PGCs). At the time of in- 
jection, it is thought that there may be only four 
cells destined to contribute to the germ line; over 
the next several hours when retroviral infection 
and proviral integration occurs, these cells divide 
two to three times to a population of about 20 to 
30 cells. Thus, different integration events are 
happening in different PGCs which, depending 
upon the time of integration, will contribute to 3- 
25% of the germline. Furthermore, multiple retro- 
viruses can infect a single cell, so PGCs can har- 
bor multiple proviruses. As all integrations are 
hemizygous, these multiple insertions should seg- 
regate in a Mendelian fashion when the germ cells 
undergo meiosis, resulting in progeny with differ- 
ent combinations of these different insertions. 

While most founders transmit at least a dozen 
different insertions, in order to screen for inser- 
tional mutants, one needs to cross two fish with 
the same insertion. In practical terms, this means 
one needs male amd female fish bearing each in- 
sertion to be screened. One way to obtain these 
fish is to raise a large number of progeny from a 
founder and group them by insertion. However, 
as any given insertion is only present in a few 
percent of the progeny of the founder, many in- 
sertions will not be represented by sufficient 
males and females in order to conduct the neces- 
sary screening cross unless hundreds of offspring 
are raised and analyzed from each founder. For 
insertions where successful crosses cannot be 
conducted between Fi fish, individual fish can be 
outcrossed to make another generation in which 
half of the fish contain the insertion. Transgenic 
fish can be identified by use of the polymerase 
chain reaction (PGR) upon their genomic DNA, 
and the family should now be large enough to 
conduct one or more successful crosses. Thus, 
within either the first or second generation, it 
should be possible to screen most of the inser- 
tions transmitted by each founder. 



22.5 

Efficiency of Retroviral Vectors as Mutagens: 
a Pilot Screen ^ 

The remarkable transgenesis rate achieved with 
high-titer pseudotyped retroviral vectors makes it 
possible to generate hundreds of thousands of in- 
sertions. However, in order for this to be useful 
for insertional mutagenesis, it is important to 
know the frequency with which such proviral in- 
sertions cause mutations. In order to determine 
this frequency, 217 transgenic lines were inbred 
and screened for mutant phenotypes by visual 
analysis during the first 5 days of development. 
Three mutations were found which were shown to 
be very tightly linked to, and presumably caused 
by, individual proviral insertions. This indicated a 
mutagenic frequency of roughly one in seventy in- 
sertions. Three additional recessive mutations as 
well as one dominant viable mutation were found 
in screening a few hundred more insertions, rein- 
forcing that between 1/100 and 1/70 insertions are 
mutagenic. 

The primary evidence that these mutations are 
caused by their associated insertions is linkage. In 
each case, hundreds of phenotypically mutant and 
wild type embryos were genotyped with respect 
to the transgene; all of the mutants proved to be 
homozygous for the transgene, while all of the 
wild types were either heterozygous or non-trans- 
genic. As over 400 meioses were examined in 
each case, the absence of any recombinants be- 
tween any of the mutations and their associated 
insertions suggests that each mutation was either 
caused by an insertion or is coincidentally within 
much less than 1 cM of one. As the zebrafish ge- 
nome spans roughly 3000 cM, it is highly likely 
that each of these mutations is caused by its asso- 
ciated insertion. 

Additional evidence that these mutations are 
insertional alleles comes from the cloning of 
genes which are disrupted by these transgenes. In 
five of the six recessive mutations, and in the case 
of the dominant mutation, cloning and sequenc- 
ing of genomic DNA adjacent to the insertion re- 
vealed the presence of a transcription unit (see 
below). In each of the five cases involving reces- 
sive mutations, the presence of the insertion was 
shown to interfere with the expression of the 
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gene. Additionally, in each case the gene was 
found to be expressed in wild type embryos prior 
to the onset of the phenotype in mutants. 
Furthermore, while in some cases the gene was 
expressed in a region greater than (but always in- 
cluding) that which was affected in the mutants, 
in at least two of the cases expression of the 
cloned gene appeared to be specific to structures 
affected in the mutant. 

The phenotypes of the seven insertional mu- 
tants isolated to date and the genes disrupted in 
them are shown in Table 1. While four of them 
{no arches, pescadillo, dead eye, and 80 A) appear 
to have either pleiotropic non-specific defects or 
the common central nervous system degradation 
phenotype, the other three all have specific phe- 
notypes. While all of the genes were identified, in 
part, based upon homology to genes in the public 
database, often the mutated genes share homology 
only to putative open reading frames or ESTs 
with no known fuction. In other cases, such as 
nar and nrf, homology was found to genes of 
known biochemical function, though in no case 
had a mutation in the gene been previously iden- 
tified. 



22.6 

Cloning the Insertionally Mutated Genes ^ 

The rationale behind conducting an insertional 
mutagenesis screen is that the presence of DNA of 
a known sequence, a molecular tag, at the muta- 
tion should aid in the cloning of the mutated 
gene. This has certainly proven to be true in the 
case of retrovirus -induced insertional mutants in 
zebrafish; the mutated genes have been cloned in 
six of the seven mutants isolated to date. In four 
of the six recessive mutants, the disrupted genes 
were cloned on the basis of the sequence of a few 
kilobases of DNA adjacent to the insertion. In 
each of these cases, when the translated sequence 
of this DNA was used in a search against the pub- 
lic database, a region of amino acid homology 
was found against a gene from one or more or- 
ganisms. These stretches of homology could then 
be used as putative exons to clone the entire 
gene, either as probes against cDNA libraries, or 
as anchors for an RT-PCR-based cloning proce- 



dure called RACE (rapid amplification of cDNA 
ends). Thus, the genes into which the proviruses 
had inserted could be cloned in a matter of 
weeks. 

In the other cases, cloning the affected gene 
proved more challenging. In the case of the 891 
mutation, no homology could be found in the im- 
mediate flanking DNA, so this DNA was used to 
probe a large insert BAG library. This allowed the 
isolation of a large (about 100 kb) piece of geno- 
mic DNA containing the insertion site, which was 
then used for exon trapping, a technique in which 
fragments of genomic DNA are inserted into in- 
tron sequences in a splicing vector, and sequences 
which are subsequently spliced into the vector’s 
message (presumably exons in the genomic DNA) 
can then be isolated. This procedure identified a 
putative exon 4 kb from the insertion site. The 
full cDNA for the gene containing this exon was 
then cloned, and the expression of this gene was 
shown to be abrogated in mutant embryos. The 
insertion responsible for the dominant D1 muta- 
tion is also too far from an exon for there to be 
homology to any other genes in the DNA within a 
few kilobases of the insertion. In this case, a com- 
bination of exon trapping and sequencing of larg- 
er pieces of DNA was required to find the gene 
into which the provirus had inserted; the muta- 
genic insertion was in the middle of an 18-kb in- 
tron. No gene has yet been identified near the 
80 A insertion. Either insufficient sequence data 
have been obtained, or this mutation involves a 
gene which is not evolutionarily conserved. 

While the seven examples here obviously do 
not represent the full range of possible situations 
that will be encountered in trying to clone inser- 
tionally disrupted genes, they do suggest the 
range of approaches that will be required. Clearly, 
the location of the provirus relative to recogniz- 
able coding regions or transcripts determines 
whether it is easy to locate the gene whose dis- 
ruption causes the mutant phenotype. In four 
cases, an exon with amino acid homology to a se- 
quence in the public database was found within 
1.5 kbp of the insertion. The other three examples 
represent the more difficult cases, where homol- 
ogy-based putative exons could not be found in 
the immediate flanking DNA. One might expect 
as many as half of the genes not to have homolo- 
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Fig. 3. Proviral insertions in 
mutant loci. Shaded boxes in- 
dicate coding exons, open 
boxes indicate 5' untranslated 
sequence, and straight lines 
indicate introns. Proviral in- 
sertions are indicated above 
the genomic locij arrow indi- 
cates transcriptional orienta- 
tion of the pro virus 
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gues in the database; additionally, some may not 
have exon sequences close to the insertion. Thus, 
for cases where the first strategy fails, the flank- 
ing DNA would have to be used to probe large 
insert libraries. Genes could then be identified 
within larger pieces of genomic DNA by exon 
trapping, low- stringency zoo blots, or other gene- 
finding techniques* 
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Positions of Mutagenic Insertions 
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Not only does the location of the provirus within 
the gene affect the ease of cloning, but it may af- 



fect the way in which the gene is mutated, and 
the likelihood of causing a mutation at all. It is 
interesting that, in all five of the recessive muta- 
tions for which the genomic structure of the af- 
fected gene is known, the provirus has integrated 
just upstream of the ATG initiation codon of a 
gene, either in the promoter region, 5' UTR, or in 
the first intron (Fig. 3). It is unclear whether this 
apparent bias towards the integration of muta- 
genic proviruses in zebraftsh is due to an integra- 
tion site preference, whether it reflects the most 
probable way for such proviruses to disrupt gene 
expression, or whether it will hold up as more 
insertional mutants are studied The integration 
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bias of retroviruses has been examined in both 
avian and mammalian cells. It is still unclear 
whether bias exists or not, although in mice, 
most retroviral insertional mutants also harbor 
insertions in the 5' end of the mutated genes. The 
one mouse insertional mutant in which this has 
been looked into most carefully is the mutation of 
the a 1(1) collagen gene. In this case, an insertion 
in the first intron of the gene prevents the ini- 
tiation of transcription; it is currently thought 
that the insertion displaces necessary czs-acting 
sequences in the intron, preventing their contri- 
bution to the formation of a transcription com- 
plex. 

While most of the mouse retrovirally-induced 
insertional mutants have proviral insertions in the 
5' end of a gene which disrupt the gene’s expres- 
sion, one exception is the dilute mutation; how- 
ever, this insertional allele is not a null mutation. 
The provirus in this case is in the third intron, 
and has tissue-specific effects upon the alternative 
splicing of this gene. Thus, so far the few zebra- 
fish insertional mutants that have been studied 
show parallels with the mouse mutants: insertions 
in the 5' end of genes caused null mutations, 
while an apparently mutagenic insertion in a 
downstream intron was not a full loss-of-function 
allele (Fig. 3). 

22.8 

Outlook 

Pseudotyped retroviral vectors can be used to 
cause insertional mutations in the zebrafish and a 
very large number of insertions can be made; 
thus it should be possible to conduct a large-scale 
insertional mutagenesis screen, identifying a 
substantial proportion of the several thousand 
genes required for the development of this verte- 
brate. However, a number of issues need to be 
resolved before this approach is assured of suc- 
cess. The first is whether or not all, or at least 
most, genes are mutable by this method. The sec- 
ond is the establishment of the most efficient way 
to utilize the technology as it now exists. The 
third is whether improvements in the technology 
can be made, and how they would be imple- 
mented. 



22 . 8.1 

General Applicability of Retroviral Insertional 
Mutagenesis in Zebrafish 

In order for retroviral-mediated insertional muta- 
genesis to be of use for a large-scale screen, it is 
important that all genes can be disrupted by pro- 
viral insertions. If, for example, there were a bias 
for transcribed genes or regions of open chroma- 
tin, then genes transcribed/accessible at the devel- 
opmental stage of integration would be more 
likely to be targets than others. In the case of the 
genes mutated in the mouse by retroviral infec- 
tion, all of these gene were either expressed or 
contained a DNAse I hypersensitive site at the 
time of integration, regardless of the time of on- 
set of the phenotype, from early postimplantation 
to postnatal. However, the number of cases ana- 
lyzed is small. Furthermore, it should be remem- 
bered that these mutations were all made with 
murine retroviruses in their natural hosts. If there 
is some bias, it may come from specific interac- 
tions between elements of the integration machin- 
ery and host proteins. If a bias for the insertion 
of MoMLV into genes does exist in mouse cells, 
this same bias may not exist in a heterologous 
system such as fish. 

If most zebrafish genes are mutable by the in- 
sertion of proviral DNA, then we might expect 
that the collection of insertional mutants will ulti- 
mately contain a distribution of phenotypic 
classes similar to that encountered in the chemi- 
cal mutagenesis screens. The seven insertional 
mutants show distinct phenotypes that encompass 
a spectrum and a frequency of phenotypic classes 
similar to that of the chemical screens. While this 
number is too small to allow strong conclusions 
to be reached, it suggests that all classes of phe- 
notypes should arise in a large-scale insertional 
mutagenesis screen. 



22.8.2 

Conducting a Large-Scale Insertional 
Mutagenesis Screen in the Fish 

While the ability to transmit so many insertions 
through the germ line opens the possibility of a 
large-scale insertional mutagenesis screen, it is 
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Fig. 4. Breeding scheme for 
single-insertion screen 



Insertional mutagenesis scheme: 
Single Insertion Families 




1. Inject pseudotyped virus 
into blastula-stage embryos 









2. Raise and outcross founders 







Insertion A: 1,3,4, 6 
Insertion B: 7,8 
Insertion C: 5 
Insertions A/C: 2 



12345678 



3. Raise FI pools and isolate 
tail DNA from 50 fish from 
each pool. 

4. Identify transgenics by PCR 



5. Identify fish with identical 
insertions by Southern blot. 




6. Outcross one fish per insertion 
to generate an F2 pool; identify 
transgenics by PCR 



i 



7. Inbreed fish with identical 
insertions and screen for 
phenotypes in 25% of their 
progeny 



important to create a breeding scheme that allows 
the most efficient screening of the largest number 
of insertions. The strategy used in the pilot screen 
was the single-insertion strategy outlined in 
Fig. 4. Injected fish are raised and outcrossed; 
transgenic Fi progeny are selected by PCR analy- 
sis of the DNA from fin clips, Southern analysis is 
performed on the DNA of PCR-positive fish, and 
fish are selected that have unique single inser- 
tions, as determined by diagnostic junction frag- 
ments. These single-insertion fish are then out- 
crossed to generate F 2 families in which half of 



the fish are transgenic. As each of these F 2 fami- 
lies has only one insertion, DNA from tail clips 
can be analyzed by PCR to generate small families 
in which every fish carries the same insertion. Fi- 
nally, a single cross can be screened to determine 
if that insertion caused a mutation. 

The single-insertion strategy has several conve- 
nient features: both linkage analysis and cloning 
of the flanking DNA are simplified by the pres- 
ence of only a single provirus, and the scheme is 
efficient in that for every founder generated, on 
average at least eight insertions can be screened. 
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Insertional mutagenesis scheme: 
Multiple Insertion Families 



Fig. 5. Breeding scheme for 
multiple-insertion screen 
(part 1) 




1. Inject pseudotyped virus 
into blastula-stage embryos 






2. Raise and inbreed founders 







3. Raise FI pools and isolate 
tail DNA from 30 fish from 
each pool. 



Fish 1: A B t 

Fish 2:ACD 12345678 

4. Identify fish with multiple 
insertions by Southern blot. 
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5. Cross fish with different 
multiple insertions to each other 
to generate an F2 pool with 
6-8 insertions, in which half of 
the fish have any given insertion 



However, this strategy has serious drawbacks as 
well, most importantly the fact that every family 
represents just one insertion and occupies one 
tank for several months. We estimate that a lab of 
15-20 people with 3000 tanks could screen 17000 
insertions in 3 years, resulting in the isolation of 
about 170-240 insertional mutants. 

An alternative scheme takes advantage of the 
fact that founders often experience multiple pro- 
viral integration events in the same primordial 
germ cell, leading to the multiple-insertion strat- 
egy outlined in Fig. 5. Here, one generates Fj fish 
with multiple insertions (at least three) which are 
then used to make F 2 families with six or more 



segregating insertions. Thus the same number of 
tanks can hold five to ten times as many inser- 
tions as the single-insertion method. In order to 
enrich for fish with multiple insertions, founders 
are crossed to each other so that insertions can 
be inherited from each parent. Fi fish with three 
or more unique insertions, as identifiable by 
Southern blot, are raised to sexual maturity, and 
pairs of them crossed to generate F 2 families in 
which there are six or more insertions. Multiple 
crosses are then set up within each F 2 family; any 
given insertion will be in half of the fish in an F 2 
family, thus one quarter of the crosses should 
bring any given insertion to homozygosity. If six 
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Fig. 5 (part 2) 



ADG EG 

i 

G homozygosed 



AG ACDF 

I 

A homozygosed 



6. Screen at least six crosses 
within each F2 pool. In this 
manner each insertion will be 
homozygosed in at least one of 
the crosses 



ADFG DEF 

i 

D and F homozygosed 
CEF CEG 

i 

C and E homozygosed 



DE C 

I 

none homozygosed 
ACG AC 

i 

A and C homozygosed 



crosses are screened per F 2 family, then each in- 
sertion will have an 82% probability of being 
homozygosed. Because of the increased efficiency 
of this method, roughly the same number of peo- 
ple with the same number of tanks could screen 
50000-80000 insertions in 3 years, 3-5 times as 
many as by the single-insertion method. Based on 
the frequency of insertions found in the pilot 
screen, a 50000 insertion screen should generate 
500 to 700 mutations in 450 to 600 genes, a num- 
ber that should be approximately 20-25% satura- 
tion. As the chemical screens were thought to 
reach about half-saturation, at least half of these 
can be expected to be easily clonable alleles of 
previously identified loci, while the rest should be 
novel mutants. 

In addition, while the efficiency requirements 
of the F 3 diploid screen only allow a limited num- 
ber of insertions from each founder to be 
screened, quite a few more could be screened as 
gynogenetic haploids or diploids. While not all 
phenotypes can be discerned against the back- 
ground of abnormalities present in gynogenetic 
embryos, a substantial proportion can be, and an 
additional 50000 insertions could possibly be 
screened for this subset of phenotypes without 



the space or effort required for raising another 
generation for inbreeding. 

22.8.3 

Areas for Improvement in the Technology 

The screen outlined in Fig. 5, based entirely upon 
technology in hand, would allow a lab of twenty 
people to generate insertional alleles in 450-600 
genes in 3 years, representing about 20-25% satu- 
ration. Could anything be done to make inser- 
tional mutagenesis more efficient, and thus bring 
the number of insertional mutants closer to satu- 
ration? Three technical improvements could con- 
tribute to such a goal. 

One would be to produce virus of even higher 
titer in order to drive up the transgenesis rate, 
which could lead to an increase in the number of 
insertions in each F 2 family. If this were achieved, 
more insertions could be screened in the same 
number of crosses and the same number of tanks. 

A more enticing improvement would be the 
use of other viral vectors that might be more mu- 
tagenic. In the case of the dominant mutation, 
Dl, the provirus has integrated in a very large 
downstream intron without affecting the expres- 
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sion of the gene in most cell types. This example 
suggests that many insertions may have landed in 
introns without causing gene disruption or a phe- 
notype. Thus a vector which is designed with effi- 
cient RNA splicing signals might be more muta- 
genic by increasing the target size within a gene 
in which the integration of a provirus would in- 
terfere with the production of that gene product. 
Such a virus could very possibly increase the mu- 
tagenic frequency by severalfold, allowing the 
above screening scheme to isolate many more in- 
sertional mutations, conceivably comparable even 
to the number of mutants found in the large scale 
chemical screens. Additionally, because insertions 
of such a vector should create a fusion transcript 
containing the designed exon, it should be possi- 
ble to use 5' rapid amplification of cDNA ends 
(RACE) to clone the disrupted genes, which 
should be easier than trying to find exons in the 
flanking genomic DNA as has been done so far. 

A variation of this method which could make it 
possible to achieve saturation would be the devel- 
opment of a retroviral gene trap with a reporter 
which is readily detectable in fish. Gene traps 
could be used to select for trap-activating inser- 
tions amongst the progeny of injected fish, and 
half of a million insertions could be prescreened 
from the same number of founders as used in the 
scheme above. The ideal reporter would be green 
fluorescent protein (GFP) because it would allow 
the detection of trap events in live animals, pro- 
vided that the brighter and more efficiently trans- 
lated variants of GFP now available might be de- 
tectable at the low level and spatially restricted 
expression of many developmentally interesting 
genes. Alternatively, a number of reporters could 
be used which could only be detected in fixed 
embryos. In this cases, progeny from injected 
founders would be fixed and stained, and any 
founders which transmit a trap-activating inser- 
tion would be outcrossed, their progeny raised, 
and individual insertions tested in the next gen- 
eration. 

In order for any trap to be used in a retro- 
virus, it must be possible to produce the virus at 
a titer comparable to the vector used in the pilot 
screen. This was not an issue for gene traps in 
murine ES cells because infection and selection 
could be achieved in culture. However, in the fish, 



one can only screen the insertions as they are 
transmitted through the germ line. Efforts to 
make pseudotyped virus of a gene trap vector 
have not yet produced titers high enough to be 
used in embryos; thus, this approach will require 
additional effort. If a readily detectable high-titer 
gene-trap vector becomes available, a lab of 20 
people should be able to find disruptive inser- 
tions in nearly every gene expressed in the zebra- 
fish embryo in a period of only 1-2 years. 



22.9 

Summary 

The zebrafish is an ideal model organism for the 
genetic study of vertebrate development because it 
combines rapid early development which is amen- 
able to direct observation and manipulation, the 
ability to house a large number of genetically dis- 
tinct lines, large numbers of progeny from a sin- 
gle mating, and a relatively short generation time. 
Chemical mutagenesis screens have identified at 
least half of the estimated 2400 genes required for 
the proper embryonic development of this animal. 
However, the cloning of these genes is likely to be 
impeded by the large size of the zebrafish genome 
and the relatively sparse genetic map. 

Insertional mutagenesis is an alternative meth- 
od for isolating mutations in which integrated 
DNA of known sequence is used as the mutagen; 
this DNA also serves as a molecular tag to facili- 
tate the cloning of the disrupted gene. A pseudo- 
typed retrovirus, containing the envelope protein 
of the pantropic vesicular stomatitis virus and a 
retroviral vector genome, was developed for use 
as an insertional mutagen in zebrafish. This vec- 
tor appears to cause mutations in zebrafish at a 
frequency of about 1/70 to 1/100. Seven inser- 
tional mutants have been isolated and the genes 
disrupted in six of these mutants were rapidly 
cloned. 

These results suggest that it is possible to gen- 
erate hundreds of thousands of insertions in the 
zebrafish, and that it should be possible to screen 
tens of thousands of proviral insertions by this 
method and to isolate readily clonable alleles of 
hundreds of genes required for the embryonic de- 
velopment of this model vertebrate organism. 
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23 Spatial and Temporal Control of Maternal Message Utilization 
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23.1 

Introduction 

Oogenesis is a highly specialized unique process 
necessary to produce the cell which is able to de- 
velop, sometimes alone, but most often combined 
with the genetic material of the sperm, into a new 
organism. Thus, the oocyte must contain, in 
addition to all necessary nutrients, a sufficient 
amount of information to provide instructions for 
the initial phases of development. Indeed, the in- 
formation contained within the oocyte is ade- 
quate to provide the basic developmental body 
plan of most, if not all, multicellular organisms 
(with possible exception of mammals). The com- 
bined use of genetic and molecular biological 
approaches has enabled us to start delineating the 
molecules and processes that are necessary to 
secure the initiation of development. 

Already the knowledge of how information is 
built up and utilized during development in some 
model organisms, especially Drosophila^ is rather 
extensive, and the basic mechanisms and mole- 
cules involved in the process are becoming recog- 
nized. This chapter will point to many detailed 
and excellent descriptions of the subject, briefly 
outline the common principles involved, and will 
show how the knowledge obtained from about the 
role of maternal messages in non-mammalian 
species could also apply to mammals. 

23.2 

Maternal Messages in Non-Mammalian Species^ 

Exploration of numerous female-sterile mutations 
in Drosophila has enabled the identification of 
genes and pathways that are essential to ensure 
the precise localization of relevant molecules to 



specific parts of the mature ovum. At the present 
time, more and more such genes are being identi- 
fied and excellent descriptions of their nature and 
function is available in reviews and in text books. 
We will summarize the process of Drosophila 
oogenesis from the point of view of information 
buildup. From its inception, the future oocyte is 
in an asymmetric environment created by the 
presence of nurse cells at the anterior end of the 
oocyte. Further specification of anterior-posterior 
(A-P) and dorsal-ventral (D-V) axis of the egg is 
a stepwise, dynamic process involving the oocyte, 
the vitelline membrane, nurse cells and follicle 
cells. Molecules (most often mRNAs) are synthe- 
sized by the oocyte, nurse and follicle cells, direc- 
tionally transported and eventually permanently 
localized in specific areas of the egg. 

The cytoskeleton and plasma membrane of the 
egg provide directionality and anchoring points 
for these mRNA molecules. The result is precise 
localization of mRNA molecules to the area where 
their translation will produce spatially (and possi- 
bly temporally) restricted proteins to act upon the 
genome of a subset of localized blastomeres, initi- 
ating compartmentalization and morphogenesis 
of the developing embryo. One can assume that 
most of these localized mRNAs are coding for 
various regulatory molecules. 

Localization of mRNAs is the result of their in- 
teractions with two kinds of proteins; one that 
could be called an mRNA chaperone, and the 
other a stable part of the cytoskeleton. At the pre- 
sent time quite a number of genes are known to 
encode mRNAs in the Drosophila egg, but the 
molecules which actually secure their localization 
are just starting to be identified. Nevertheless, by 
postulating mRNA chaperones with possible dual 
specificity such that one part of the molecule re- 
cognizes either the mRNA primary sequence or 
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secondary structure and another portion some 
component of the cytoskeleton, we can visualize 
mechanisms which provide diversity, precision 
and specificity of localization. 

Once the mRNAs are localized within the oo- 
cyte, their controlled translation ensures that the 
stored and localized maternal mRNAs are made 
into protein at a specific developmental time. 
Translation can be regulated by various mecha- 
nisms. For example, a protein may bind to mRNA 
preventing its translation during transport to its 
final location. Once the final localization is 
reached, inhibitory protein is inactivated or re- 
leased and the translation starts. Alternatively, lo- 
calized mRNA may be translated at the beginning 
of embryogenesis following increased polyadeny- 
lation and this process itself is under genetic con- 
trol. 

From this brief summary it is obvious that the 
process of molecular localization and utilization 
of mRNA in the Drosophila egg and embryo is ex- 
tremely complex and new elements are constantly 
being added. At the present time numerous genes 
known to be necessary for the correct polariza- 
tion of the Drosophila egg are part of several in- 
dependent and interacting pathways. However, 
there are also genes whose mutations cause de- 
fects in the polarization process but these genes 
have not yet been placed in any identified path- 
way and their correct function remains unknown. 
In addition, certain mRNAs can be localized with 
great precision but their localization can be dis- 
rupted without apparent developmental conse- 
quence suggesting that localization alone may not 
signify developmental importance. 

The Drosophila egg matures in an asymmetric 
environment and perhaps it is not surprising that 
the final product is a cell with a precise and de- 
fined fate map. Because of the availability of nu- 
merous mutations, the molecules involved were 
identified and the pathways and controlling mech- 
anisms could be postulated. Localization of mater- 
nal mRNAs does play a crucial role in the suc- 
cessful development of Caenorhabditis elegans 
and Xenopus laevis, two other species from which 
a body of molecular information regarding oogen- 
esis is available. While the Drosophila egg has 
both dorsal-ventral (D-V) and anterior-posterior 
(A-P) polarity, C. elegans and X laevis eggs ac- 



quire A-P polarity only after fertilization because 
polarity is determined by the point of sperm en- 
try. However, precise localization of maternal 
messages and their temporal activation for trans- 
lation has been observed and the genes encoding 
some of these messages have been identified. The 
details of these processes are not as well under- 
stood as those in Drosophila, but familiar leitmo- 
tifs are apparent such as: the presence of mRNA 
chaperones that bind specific mRNAs to the struc- 
tural elements of the egg; the polyadenylation of 
maternal mRNAs denoting their temporal activa- 
tion for translation; and the existence of addi- 
tional protein factors which prevent premature 
translation of maternal mRNA by binding to the 
3'-untranslated region (3'-UTR) in a sequence- or 
structure-specific fashion. It is by no means clear 
that the same genes and processes will regulate 
polarity of the Drosophila and the Xenopus egg. 
To achieve this understanding extensive isolation 
and characterization of relevant genes will be ne- 
cessary. Analysis of oogenesis in other verte- 
brates, such as zebra fish, where genetic ap- 
proaches may be easier, should help in delineat- 
ing those pathways that control egg polarity. 

23.3 

Maternal Messages in Mammals^ 

Several elements distinguish early mammalian de- 
velopment from that in other species. Three of 
them are especially relevant to this discussion. 

In every multicellular organism there is a peri- 
od of transcriptional silence between the comple- 
tion of oogenesis and the activation of the em- 
bryonic genome, when there is no new mRNA 
synthesized from the oocyte genome and none is 
imported from the outside. This transcriptionally 
quiescent period, when oocyte maturation is com- 
pleted and when the cleavage divisions initiate, is 
of variable length in different species. It is rela- 
tively short, in the range of 2 to 3 h in Drosophi- 
la, and about 7 h in Xenopus. In mammals this 
period of transcriptional silence is much longer, 
in the mouse it lasts about 2 days, and in sheep 
cattle and humans it is even longer. Because of 
the length of time of transcriptional silence, it is 
likely that the mechanisms which insure proper 
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Storage and timely activation of maternal mes- 
sages in mammals may be more complex. 

Second, while the time of activation of the em- 
bryonic genome in mammals is delayed, progress 
through cleavage divisions is even slower, so that 
transcriptional activation as it relates to cell num- 
ber can be thought to occur precociously. Droso- 
phila and Xenopus embryos have several thousand 
cells at the time of embryonic genome activation 
while in the mouse, genome activation occurs at 
the two -cell stage. 

Finally, in non-mammalian species almost the 
entire mass of the oocyte participates in the for- 
mation of the embryo proper but in mammals the 
majority of the blastomeres differentiate into ex- 
tra embryonic membranes and only a minority of 
the cells in the blastocyst are destined to form the 
embryo proper. 

In summary, in mammals the cleavage divi- 
sions proceed very slowly, the activation of the 
embryonic genome occurs very early in develop- 
ment but very late in real time, and the majority 
of the original egg cytoplasm does not participate 
in the formation of the final organism. Taking 
these three elements into account, the overall uti- 
lization of maternal messages in mammals could 
differ significantly from that in non-mammalian 
species. Since the period of development that de- 
pends exclusively on maternal messages is consid- 
erably longer in real time, the stability of the ma- 
ternal mRNA has to be secured. In addition, 
translational activation must be temporally con- 
trolled to ensure a continuing supply of protein to 
the actively metabolizing embryo and this implies 
the existence of robust translational control mech- 
anisms. As it is impossible to predict which part 
of the mammalian egg will give rise to the em- 
bryo and which part to the extra embryonic 
membranes, the localization of maternal mes- 
sages, which ultimately determines the precise D- 
V and A-P axes of the future embryo, is unlikely. 
At the present time it is not possible to complete- 
ly discount the existence of some kind of determi- 
native polarity in mammalian eggs, although 
most experimental evidence argues against it 
(normal development of aggregation chimeras, to- 
tipotency of early blastomeres). Absence of proof 
is not the proof of absence, therefore we have to 
leave the possibility open that some kind of cyto- 



plasmic mRNA localization will be detected in the 
mammalian egg and that these localized mRNAs 
will be of developmental significance. 

Regardless of whether there is specific localiza- 
tion of maternal mRNAs in mammals or not, ma- 
ternal mRNAs are stored and their translation is 
temporally regulated. Stored maternal mRNAs are 
activated for translation by readenylation in the 
cytoplasm, a mechanism that is probably con- 
served in all multicellular organisms. It is there- 
fore not surprising that messages undergoing cy- 
toplasmic polyadenylation during oocyte matura- 
tion have been described in mice. In addition, 
and in keeping with the idea that translational ac- 
tivation of some maternal mRNAs may be delayed 
during the long period of transcriptional silence, 
some maternal mRNAs are activated after fertili- 
zation. 

The mechanisms controlling cytoplasmic poly- 
adenylation are likely to be quite complex consid- 
ering that specific mRNAs must be recognized in 
order that temporally and possibly spatially con- 
trolled translation can be achieved. A sequence in 
the 3'UTR (A)UUUU(U)A(A)U, proximal to the 
nuclear polyadenylation signal has been identified 
as the consensus cytoplasmic polyadenylation ele- 
ment (CPE). Although variations of this sequence 
are observed it has been functionally conserved 
during evolution. It is very likely that one or sev- 
eral proteins bind to the CPE and/or neighboring 
sequences. One such protein has already been 
identified from Xenopus and mouse oocytes. CPE- 
binding proteins can in turn interact with a mul- 
tisubunit complex that recognizes the nuclear 
polyadenylation signal and this interaction can in- 
itiate polyadenylation of the mRNA in the cyto- 
plasm. Furthermore, assembly of factors at the 3' 
end of the mRNA can also interact with the 5' 
end of the mRNA, initiating the binding of ribo- 
somes and translation of the encoded protein. 
The emerging picture is that there are a number 
of factors regulating the timely translation of a 
given mRNA and that the complexity of this pro- 
cess may rival transcriptional control. In addition 
to factors which positively control cytoplasmic 
polyadenylation and initiation of translation, 
there are also factors which prevent translation by 
binding to specific sequences in the maternal 
RNA and preventing their premature translation. 
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The complexity of the controls that regulate 
translation of stored mRNA provides an exceed- 
ingly fine-tuned mechanism to secure progression 
of the mammalian embryo through the long peri- 
od of transcriptional silence, to execute the repro- 
gramming of the egg and sperm genomes, and to 
correctly initiate the activation of the embryonic 
genome. One can even assume that a substantial 
portion of the different mRNAs stored in the full- 
grown mammalian oocyte will be of the kind 
whose translation is controlled by cytoplasmic 
polyadenylation. To test this possibility, we exam- 
ined the clustered EST sequences of clones from 
our cDNA libraries of preimplantation mouse em- 
bryos. The 3'UTR of many cDNAs abundantly 
present in the two -cell embryo library contain 
CPEs, while CPEs are rare in 3' UTR of the abun- 
dant messages in the blastocyst. Further extensive 
analysis demonstrating the precise time of poly- 
adenylation during development and experiments 
designed to understand the function of these 
genes will address the importance of translational 
control of maternal messages to early mammalian 
development. 

23.4 
Coda^ 

Temporal utilization and spatial localization of 
maternal messages function to control early peri- 
od of development, but the importance of these 
control mechanisms is probably not limited to the 
egg and early embryo. Recent results indicate that 
asymmetric localization of specific mRNAs, 
mRNA storage, and their temporal activation for 
translation represent a basic biological mecha- 
nism for creating diversity of shape and function. 

23.5 

Summary and Outlook 

Successful development of multicellular organisms 
is achieved by variations in the spatial, temporal 
and quantitative presence of specific gene prod- 
ucts. We tend to think that this is achieved by 
regulation of gene expression at the transcrip- 
tional level alone. However, there are periods in 
development when transcription does not even 



take place. The final stages of egg maturation and 
the initiation of development immediately follow- 
ing fertilization occur in a period of transcrip- 
tional silence preceded by the extensive synthesis, 
storage and allocation of maternal mRNAs that 
occurs during oogenesis. Mechanisms exist to 
prevent degradation and premature translation of 
particular mRNAs and to localize specific mRNA 
molecules within the complex architecture of the 
egg and zygote. The result is just-in-time transla- 
tion of measured amounts of specific protein 
products in a particular site. These processes dif- 
fer between invertebrates, vertebrates, and mam- 
mals depending on the environment in which the 
first phases of development take place. 
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24.1 

Introduction to Epigenetics 
and DNA Methylation 

24.1.1 

Epigenetics and Development^ 

Multicellular organisms develop and produce hun- 
dreds of different cellular phenotypes for the 
most part without any purposeful change to the 
primary sequence of the genome. An invariant 
genotype can create such phenotypic diversity by 
employing selectivity in its pattern of gene ex- 
pression. It is easy to envision that cellular phe- 
notype results from an interplay between the in- 
formation encoded in the genome and external 
signals that direct the subset of genes to be ex- 
pressed. What is perhaps more difficult to under- 
stand is how stability in this cellular phenotype is 
achieved. Immortalized fibroblast cell lines can be 
grown in culture for decades and still be quite re- 
cognizable as fibroblasts. Obviously, these cells 
are not behaving like fibroblasts as a consequence 
of their quite artificial environment dictating that 
they should behave like fibroblasts. Their pheno- 
type has apparently been internally stabilized, yet 
without any hardwired genetic changes. Such a 
mitotically (or meiotically) heritable state of gene 
activity that is not attributable to a change in the 
primary DNA sequence is referred to as an epige- 
netic state. The contrasting demands put on epi- 
genetic mechanisms are, on the one hand, a high 
degree of flexibility during embryonic develop- 
ment, and on the other, an impressive amount of 
stability in the subsequent adult years. 



24.1.2 

Epigenetic Mechanisms^ 

An epigenetic state essentially provides a way to 
store information on gene activity. Such gene activ- 
ity information can be specified by interactions be- 
tween the DNA and protein or RNA factors or by a 
chemical mark on the DNA itself. However, the es- 
sence of epigenetics is that this information is pre- 
served during cell division. The covalent chemical 
modification of DNA in the form of cytosine-5 
DNA methylation provides a convenient stable tag 
on the DNA that survives in the parent strand dur- 
ing DNA replication. Trans-eiCting protein or RNA 
factors require more sophisticated mechanisms of 
information transfer, since the factors presumably 
must dissociate from the DNA to allow passage of 
the replication fork. Several mechanisms have 
been proposed by which the information provided 
by protein-DNA interactions can be preserved dur- 
ing DNA replication and cell division. 

One protein-based mechanism is the employ- 
ment of stable regulatory feedback loops. A sim- 
ple example of such a mechanism would be when 
a differentiated cell type expresses a set of tissue- 
specific transcription factors. These transcription 
factors would then not only stimulate the produc- 
tion of cell type-specific proteins, but they would 
also regulate their own synthesis. After DNA re- 
plication, the tissue-specific transcription factors 
would be present in sufficient amounts to both 
stimulate the cell type-specific protein synthesis 
and to restore their own levels. 

Other ways to provide a mechanism for the 
transmission of gene activity information encoded 
by trans-acting factors include nuclear compart- 
mentalization and heritable chromatin structure. 




396 P.W. Laird 



24 . 1.3 

Eukaryotic DNA Methylation ^ 

The subject of this chapter is biological DNA 
methylation, which is a normal physiological phe- 
nomenon, achieved through enzymatic action. 
Chemical DNA methylation refers to the patholog- 
ical process of methyl addition by alkylating chem- 
cals. The term DNA methylation is used to de- 
scribe both phenomena, which can be confusing 
to people outside the field and can create prob- 
lems in literature searches. Biological DNA methy- 
lation occurs as N6-methyladenine, N4-methylcy- 
tosine, and 5-methylcytosine in prokaryotes but is 
restricted to 5-methylcytosine in vertebrates. DNA 
methylation is widespread in higher plants and in 
vertebrates. It has also been found in invertebrate 
eukaryotes such as fungi and echinoderms, but 
most invertebrates have localized DNA methyla- 
tion, rather than the genome-wide methylation 
found in higher eukaryotes. DNA methylation has 
often been ignored by developmental biologists, 
since two popular developmental model systems - 
Drosophila melanogaster and Caenorhabditis ele- 
gans - do not appear to have any detectable DNA 
methylation. The lack of DNA methylation in 
these powerful model systems, and in others such 
as Saccharomyces cerevisiae, has often been used 
to argue against a role for DNA methylation in a 
wide variety of processes, including embryonic 
development, cellular differentiation and strand 
discrimination in DNA mismatch repair. The field 
received a considerable boost when it was shown 
that a functional DNA methylation machinery is 
essential for mammalian embryonic development. 

DNA methylation is usually found in a palin- 
dromic sequence context. This allows for a 
straightforward mechanism of information trans- 
fer during DNA replication (see below). In verte- 
brates, cytosine-5 DNA methylation is generally 
found in the sequence context CpG. The p for the 
phosphate is included in the sequence designation 
to indicate that this represents a set of two adja- 
cent bases in a 5' to 3' configuration on the same 
DNA strand, instead of a C:G base pair on oppo- 
site DNA strands. The dyad symmetry of the CpG 
sequence ensures that each CpG dinucleotide pair 
contains two cytosine residues - one on each 
strand of DNA. Generally, a CpG dinucleotide 




Fig. 1. Structure of cytosine and of 5-methylcytosine. The 
base structures of the methylated and unmethylated forms 
of cytosine are shown with the ring numbering system indi- 
cated. The methyl group at the C-5 position is emphasized 
by an ellipse. Black ovals indicate the positions of the hy- 
drogen bonds with guanine. The 5-methyl group does not 
affect base pairing, but faces towards the major groove of 
the DNA helix 



pair is either completely unmethylated or fully 
methylated with a methyl group on each of the 
two cytosine residues. Hemi-methylation refers to 
the situation when only one of the two cytosine 
residues is methylated. This situation occurs tran- 
siently after each round of DNA synthesis but is 
otherwise rare in most systems. Cytosine DNA 
methylation occurs in plants in the sequence con- 
text of both CpG and CpNpG. Cytosine methyla- 
tion outside of the sequence context CpG has 
been described in mammalian DNA, but the re- 
ports on the extent of this methylation vary and 
its biological significance is unclear. 

DNA methylation is essentially a binary system. 
Any given CpG dinucleotide pair can be either 
methylated or unmethylated. Aside from hemi- 
methylation, there are no intermediate states. 
When CpG dinucleotides are analyzed collectively, 
a percentage methylation can be assigned to that 
group. This situation applies both to the analysis 
of all CpGs in a single genome and to the analysis 
of a single individual CpG site in the genome in a 
collection of cells. In the first case, the terms glo- 
bal methylation or genome-wide methylation are 
used. In the second case, a single CpG site can be 
said to be 63% methylated in a particular tissue. 
In this case, the percentage represents an average 
occupancy for all the cells in the sample analyzed. 
The extent of CpG methylation in the genome 
and how these 5-methylcytosines are distributed 
varies according to cell type and developmental 
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Stage. On average, about two -thirds of all avail- 
able CpGs are methylated in adult somatic mam- 
malian tissues. 

It is important to emphasize that DNA methy- 
lation is not incorporated during DNA synthesis, 
but is added postreplicatively. Therefore, newly 
synthesized DNA strands lack DNA methylation. 
The important consequence of this is that methyl 
groups can selectively be added to the new DNA 
strand at CpG sites where there is a 5-methylcyto- 
sine residue in the parent strand. Unmethylated 
CpG dinucleotides remain unmethylated. This is 
the essence of the faithful transfer of DNA methy- 
lation information from one cell generation to the 
next. The postreplicative restoration of hemi- 
methylated sequences to full methylation is per- 
formed by an enzymatic activity referred to as 
maintenance DNA methyltransferase activity. This 
activity is distinct from the ability to methylate a 
CpG dinucleotide pair that was previously devoid 
of methylation on either strand. That ability is re- 
ferred to as de novo DNA methyltransferase activ- 
ity (Fig. 2). Maintenance and de novo methylation 
are two distinct activities that can be distin- 
guished by the methylation status of the sub- 
strate. All known DNA ( cytosine- 5) -methyltrans- 
ferases are able to catalyze both reactions, but 
they can vary in their preference for the two dif- 
ferent types of substrate. 

Both types of DNA methylation are accom- 
plished by a DNA methyltransferase enzyme in a 
complex reaction, in which the enzyme is transi- 
ently covalently bound to the cytosine substrate at 
the C-6 position. The methyl group is transferred 
from from the donor S-adenosyl methionine 



(Ado-Met or SAM) to the C-5 of the substrate 
cytosine. During this whole process, the cytosine 
residue is flipped out of the DNA double helix in 
a localized extrahelical configuration. 

24 . 1.4 

Eukaryotic DNA Methyltransferase Genes ^ 

The first eukaryotic DNA (cytosine-5)-methyl- 
transferase gene was cloned from mouse erythro- 
leukemia cells in the 1980s. The official designa- 
tion for this gene, according to current genetic 
nomenclature is Dnmtl for the mouse gene and 
DNMTl for the human ortholog (the word ortho- 
log is used to describe a DNA segment with se- 
quence similarity to a DNA segment in a different 
species). This gene is highly conserved among eu- 
karyotes and has been found so far in every eu- 
karyotic species with cytosine- 5 DNA methylation 
that has been investigated (see Table 1). The 
DNMTl methyltransferases also share ten con- 
served amino acid sequence motifs with all of the 
more than 50 prokaryotic DNA (cytosine-5)- 
methyltransferases that have been identified. One 
of the unique features of the eukaryotic DNMTl 
enzyme is that it has a long amino-terminal do- 
main, which contains many interesting motifs and 
regulatory regions, including multiple motifs that 
target the protein to sites of active DNA replica- 
tion. 

The DNMTl enzyme isolated from mammalian 
cells has a preference for hemimethylated sub- 
strates, but is also capable of performing de novo 
methylation of unmethylated substrates in vitro. It 
is generally accepted that the DNMTl enzyme is re- 



Fig. 2. The two principal types of DNA (cyto- 
sine- 5) -methyltransferase activities are shown 
schematically. DNA methylation is indicated 
by the letter m 
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Table 1, Known Eukaryotic DNA Methyltransferase Genes 








Paralogs 








Dnmtl /Masc2 


Dnmt2/pmtl 

Functional? 


Dnmt3u/Dnmt3/i 


masc 1 
Functional? 
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DNMT2 


/>NAf73A, 

DNMT2B 





Mouse 
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Chicken 
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Drosophila 


No 
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Sea urchin 
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Arabidopsis 
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Pi sum sativum 


MET! 
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Carrot 


METI/MET2 






Ascobolus 


masc2 






S. cerevisiae 


No 






S. pombe 


No 


pmt! 
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This table reflects the knowledge of DNA methyltransferase genes and putative DNA methyltransferase genes in eukaryotes 
as of mid- 1998. Orthologs refers to sequence similarity between genes in different species, whereas paralogs refers to 
sequence similarity between genes within a single species. Three separate families of genes have been identified. Some 
species have been shown to contain paralogs from at least two of the families. Some plants have two genes or alternative 
processing forms of the Dnmtl ortholog. The proteins encoded by Dnmt2/pmtl and by mascl have not yet been shown to 
have DNA methyltransferase activity, as indicated. 



sponsible for most, if not all, maintenance DNA 
methylation activity in mammalian cells. Its de 
novo methyltransfer activity may be regulated in 
vivo by protein modification or by interaction 
with other proteins. Studies of eukaryotic DNA 
methyltransferases are still not complete. It has 
been shown decisively that mouse embryonic stem 
cells with a homozygous deletion of the catalytic 
domain of the Dnmtl gene retain the ability to de 
novo methylate newly introduced retroviral se- 
quences, which provided clear evidence for an ad- 
ditional mammaUan DNA methyltransferase. This 
alternate enzyme activity is of considerable inter- 
est since it is thought to be responsible for the 
wave of de novo methylation that occurs in pregas- 
trulation mammalian embryonic development. 

The first candidate gene for this activity was 
identified on the basis of sequence similarity to 
the fission yeast Schizosaccharomyces pombe gene 
pmtL The 5, pombe pmtl {ior pombe methyltrans- 
ferase) gene contains the ten conserved motifs 
found in all known DNA {cytosine-5) -methyltrans- 
ferases, but with an amino acid substitution at one 



of the most highly conserved positions, rendering it 
non-functionaL Although the mouse and human 
orthologs of pmtly which are called Dnmt2 and 
DNMT2^ respectively, both contain the proper se- 
quence motifs, they have so far failed to show 
signs of DNA methyltransferase activity in vitro. 

Two other closely related genes containing the 
ten conserved DNA (cytosine-5) -methyltransferase 
motifs have recently been identified in both the 
mouse and the human. These genes, called 
DnmtSa and Dnmt3fi or DNMT3A and DNMT3B, 
respectively, encode functional DNA (cytosine-5) - 
methyltransferases with expression patterns com- 
patible with a role in de novo methylation during 
embryonic development. 

The fungus Ascobolus has a gene called mascl 
that once again contains all the conserved catalytic 
motifs of DNA {cytosine-5) -methyltransferase 
genes and is distinct from the Dnmtl t Dnmt2 and 
DnmtSaip genes. The Dnmtl gene is called masc2 
in Ascobolus. The protein encoded by the mascl 
gene has not been shown to have DNA MTase activ- 
ity in vitro, but mutations in the mascl gene do 
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lead to defective MIP (methylation induced pre- 
meiotically), which is a form of de novo methyla- 
tion. There now appear to be at least four distinct 
lineages of (putative) DNA (cytosine-5)-methyl- 
transferases in eukaryotes: Dnmtl/masc2y Dnmt2/ 
pmtly Dnmt3aip and mascl (see Table 1). It is 
not clear whether mammals have a mascl ortholog. 

The mammalian DNMTl enzyme displays in- 
teresting developmental regulation. Alternative 5' 
exons have been identified that are unique to 
either male or female gametogenesis. Oocytes 
contain large amounts of maternally stored 
DNMTl enzyme with the oocyte-specific amino- 
terminus. This oocyte-specific DNMTl enzyme is 
sequestered in the cytoplasm. After fertilization 
DNMTl initally remains cytoplasmic, is briefly 
nuclear at the eight-cell stage morula, is cytoplas- 
mic again at the blastocyst stage, and remains cy- 
toplasmic until implantation, upon which there is 
a permanent shift to a nuclear localization. It is 
not clear whether this shuttling of the enzyme is 
related to the wave of preimplantation demethyla- 
tion and postimplantation de novo methylation. 

24 . 1.5 

Demethylation 

DNA methylation patterns undergo developmental 
changes that include instances of net gain and net 
loss of DNA methylation. The only mechanism by 
which a net gain can be achieved is by de novo 
methylation of previously unmethylated CpG di- 
nucleotides. Loss of DNA methylation can occur 
by both active or passive mechanisms. Active de- 
methylation refers to the direct enzymatic re- 
moval of methylated cytosines from one or both 
DNA strands. There is fairly solid evidence that 
active demethylation occurs in various systems, 
including just after mammalian fertilization. Sev- 
eral molecular mechanisms for active demethyla- 
tion have been proposed, but most of these have 
not yet been fully validated and this remains an 
area of active investigation. 

The passive loss of DNA methylation is better 
understood. All that is required is that a fully 
methylated CpG dinucleotide pair go through two 
rounds of DNA replication without intervening 
maintenance DNA methylation. The second gen- 



eration result will be two hemi-methylated CpGs 
and two fully unmethylated CpGs that will only 
be able to acquire DNA methylation again by de 
novo DNA methylation. Although this is a passive 
process, it does not mean that there cannot be ac- 
tive regulatory involvement. It is quite conceivable 
that DNA binding proteins could protect selected 
CpG dinucleotides from maintenance DNA methy- 
lation. It is also possible that the DNMTl enzyme 
itself is directed in its substrate preference by in- 
teracting proteins. 

24.2 

Patterns of DNA Methylation 

24 . 2.1 

CpG Islands^ 

About half of the genes in mammals have relatively 
CpG-rich regions associated with them that are de- 
void of DNA methylation. Such regions are called 
CpG islands, since they have a normal constituent 
of CpG dinucleotides, whereas most of the mam- 
malian genome has a four- to fivefold deficit of 
CpG dinucleotides. This deficit is a consequence 
of the fact that 5-methylcytosine is readily deami- 
nated to yield thymine, resulting in a high rate of 
C-to-T transitions at CpG dinucleotide pairs. This 
causes a slow evolutionary erosion of any CpG di- 
nucleotides that are methylated in the germline. 
CpG islands represent areas that are protected 
against this erosion by being completely unmethy- 
lated at all developmental stages of the germ line- 
age (see Fig. 3). CpG islands also tend to be un- 
methylated in somatic lineages, with the clear ex- 
ception of CpG islands on the inactive X chromo- 
somes of mammals. Other examples of DNA 
methylation of CpG islands will be discussed below. 

24 . 2.2 

Developmental Patterns^ 

Striking fluctuations occur both in the level and 
the distribution pattern of DNA methylation dur- 
ing mammalian development. In mice, shortly 
after fertilization, an active demethylation process 
causes a sharp decline in the 5-methylcytosine 
content of the genome, such that most genes be- 
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Fig. 3. Evolution of CpG islands. Schematic representation 
of a possible course of events in the evolution of the ge- 
nomes of eukaryotes with substantial amounts of genomic 
5-methylCpG. The model assumes a high rate of deamina- 
tion of 5-methylcytosine to thymine. It can account for the 



current depletion of CpG dinucleotides in mammalian ge- 
nomes and the existence of CpG islands that have escaped 
this evolutionary erosion by not becoming methylated in 
the germline 



come completely demethylated by the early blas- 
tocyst stage. This process has been interpreted as 
a means to provide a clean slate for new epige- 
netic information to be laid down in the subse- 
quently developing somatic lineages. After this 
erasure, a wave of de novo methylation occurs in 
the pregastrulation embryo. During this de novo 
methylation process, tissue-specific genes become 
heavily methylated, while housekeeping genes, 
which tend to have 5' CpG islands, remain un- 
methylated. The final somatic DNA methylation 
patterns are shaped during cell differentiation in 
a process that involves highly selective loss of 
DNA methylation at tissue-specific genes accord- 
ing to cell type. There may be additional ongoing 
de novo methylation during this process, but it is 
generally assumed that fully differentiated cells 
lack substantial de novo methylating activity. The 
germ lineage escapes the pregastrulation de novo 
methylation process, but undergoes a separate de 
novo methylation wave in the third trimester. 
Both the male and female gametes undergo selec- 



tive loss of DNA methylation during maturation, 
reminiscent of the selective loss in somatic termi- 
nal differentiation. Indeed, gametes can be viewed 
as highly differentiated cell types. Human sperma- 
tocytes tend to have lower levels of gene-asso- 
ciated DNA methylation than mouse sperm. 

The resulting DNA methylation patterns in ter- 
minally differentiated cells are characteristic of 
the cell type. There is substantial variation in 
DNA methylation levels among the tissue-specific 
genes, but little variation in repetitive elements 
and in housekeeping genes. There does not appear 
to be a significant amount of interindividual differ- 
ence, although strain-specific modifier loci of trans- 
gene methylation have been described in mice. 

24.2.3 

Tissue Culture Patterns^ 

One of the classic experiments invoking a develop- 
mental role for DNA methylation was the demon- 
stration that treatment of murine fibroblasts with 
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the DNA methyltransferase inhibitor 5-aza-cytidine 
(5-azaC) could cause myogenic differentiation in 
tissue culture. This series of experiments ulti- 
mately led to the identification and cloning of the 
MyoD gene. It was shown that the 5-aza-C treat- 
ment caused demethylation of the MyoD CpG is- 
land and was associated with activation of MyoD 
gene expression. However, it was subsequently rea- 
lized that the MyoD CpG island is normally not 
methylated in vivo. It became clear that widespread 
methylation of CpG islands was an aberrant phe- 
nomenon associated with prolonged in vitro pas- 
sage of cells. Therefore, tissue-culture studies doc- 
umenting a role for DNA methylation in the regula- 
tion of gene expression should be viewed with skep- 
ticism unless it can be shown that the methylation 
patterns truly reflect the in vivo patterns. 

24.2.4 

Aging Patterns^ 

The global levels of DNA methylation in somatic 
tissues slowly decline in humans as they age. On 
the other hand, some CpG islands, such as the es- 
trogen receptor CpG island, show a progressive 
increase in methylation. It is not known whether 
either of these changing patterns play an active 
role in the aging process or whether they are 
merely a consequence of aging. The methylation 
of CpG islands could signify a progressive loss of 
the control mechanisms which protect CpG is- 
lands against DNA methylation, similar to that 
seen in tissue culture. 

24.2.5 

Cancer Patterns® 

The changes in DNA methylation patterns in can- 
cer cells parallel those seen in tissue culture and 
in aging. Compared to normal cells, cancer cells 
tend to have reduced global levels of DNA methy- 
lation, often accompanied by localized increases 
of DNA methylation, in particular at CpG islands. 
One of the difficult issues in studying changes in 
DNA methylation patterns associated with malig- 
nant transformation is that in most cases the type 
of stem cell that gave rise to the malignancy can- 
not be acquired in sufficient numbers for a com- 



parison with the cancer cells. Therefore, normal 
differentiated cells from the same tissue are usual- 
ly used for comparison. It has been argued that 
some of the DNA methylation changes that have 
been attributed to malignant transformation actu- 
ally reflect differences between stem cells that 
gave rise to the cancer and their terminally differ- 
entiated normal counterparts. One argument 
against this line of reasoning is that there is a 
substantial amount of variation in DNA methyla- 
tion patterns found in different tumors from the 
same organ. DNA methylation patterns tend to 
vary little in normal differentiated cells from dif- 
ferent individuals and there is no reason to as- 
sume that stem cells would be any different. 
Therefore, it seems likely that most of the differ- 
ences between tumors arose during the process of 
malignant transformation. Most of the tumor-as- 
sociated changes that have been described have 
not actually been shown to have played a role in 
the cancer process, although there are some well- 
documented cases of silencing of tumor-suppres- 
sor gene function by aberrant CpG island DNA 
hypermethylation. Some of the changes may be 
irrelevant to the malignant transformation, but 
may have piggy-backed on a more generalized 
loss of control of DNA methylation patterns in 
cancer cells. The study of this loss of control in 
cancer cells may lead to a better understanding of 
the regulatory mechanisms that govern DNA 
methylation patterns. 

24.2.6 

Experimental Detection of Patterns^ 

Most molecular biological techniques used to ana- 
lyze specific loci in complex genomic DNA in- 
volve some form of sequence-specific amplifica- 
tion, whether it is biological amplification by 
cloning in E. coli, direct amplification by PGR or 
signal amplification by hybridization with a probe 
that can be visualized. Since DNA methylation is 
added post-replicatively by a dedicated mainte- 
nance DNA methyltransferase that is not present 
in either E. coli or in the PGR reaction, the 
methylation information is lost in both cases. Mo- 
lecular hybridization does not descriminate be- 
tween methylated and unmethylated DNA. There- 
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fore, virtually all methods that have been devel- 
oped to detect DNA methylation patterns at spe- 
cific loci rely on techniques that alter the genomic 
DNA in a methylation-dependent manner before 
the amplification event. There are two main meth- 
ods that have been utilized to achieve this methy- 
lation-dependent DNA alteration. The first is di- 
gestion by a restriction enzyme that is affected in 
its activity by 5-methylcytosine in a CpG se- 
quence context. The cleavage or lack of it can 
subsequently be revealed by Southern blotting or 
by PGR. The other technique that has received re- 
cent widespread use is the treatment of the geno- 
mic DNA with sodium bisulfite. This treatment 
converts all unmethylated cytosines in the DNA to 
uracil by deamination, but leaves the methylated 
cytosine residues intact. Subsequent PGR amplifi- 
cation replaces the uracil residues with thymines 
and the 5-methylcytosine residues with cytosines. 
The resulting sequence difference can be detected 
using a variety of methods. 

24.2.7 

Experimental Manipulation of Patterns 

The experimental manipulation of DNA methyla- 
tion levels has been a powerful tool in the eluci- 
dation of the role of DNA methylation in biologi- 
cal processes. On occasion, it has provided insight 
into the often vexing issue of whether DNA 
methylation changes that correlated with a partic- 
ular biological observation were causally involved 
in the process or were merely a consequence of it. 
Most applications have relied on the manipulation 
of global levels of DNA methylation. Technologies 
to manipulate methylation levels at unique se- 
quences in the genome are under development. 

Global levels of DNA methylation can be modi- 
fied by manipulation of the DNA methyltransfer- 
ase enzyme or by affecting the methyl-donor sup- 
ply. Levels of functional DNA methyltransferase 
have been altered by both genetic and pharmaco- 
logical means. Overexpression of the DNMTl has 
been utilized in mammalian cell culture, but less 
successfully in transgenic animals. Gene-targeted 
mutation of the mouse Dnmtl gene has provided 
the field with a very powerful tool to investigate 
the role of DNA methylation in a variety of bio- 



logical processej^, despite the limitations imposed 
by the fact that Dnmtl nullizygous mice die at 
midgestation. The DNA methyltransferase inhibi- 
tor 5-aza-G and its deoxy equivalent 5-aza-GdR 
have both been extremely widely used in the DNA 
methylation field. There are inherent problems 
with these drugs associated with the covalent 
DNA adducts that arise between incorporated 5- 
aza-G and the DNA methyltransferase enzyme. 
These adducts have been shown to be both muta- 
genic and the major source of drug toxicity. 

Global DNA methylation has also been success- 
fully manipulated by restriction of the methyl-do- 
nor supply in both cell culture and in vivo. This 
experimental strategy relies on the restriction of 
methyl-group donors and/or the cofactors re- 
quired for the regeneration of S-adenosylmethio- 
nine. These include methionine, choline, folates 
and vitamin B12. The major drawback of this 
method is that other forms of biological methyla- 
tion, such as protein methylation and polyamine 
synthesis, will also be affected. DNA methylation 
constitutes but a minor fraction of the biological 
methylation activity in eukaryotes. 

243 

Functional Consequences of DNA Methylation 

24.3.1 

Gene Expressions^ 

There is a large body of literature documenting 
an inverse correlation between transcriptional ac- 
tivity of genes and the extent of promoter region 
DNA methylation. One issue that needs to be re- 
solved for each case is whether the DNA methyla- 
tion is a primary mechanism of suppression of 
gene expression or, vice versa, whether the lack of 
transcriptional activity in turn allows the accu- 
mulation of increased levels of DNA methylation. 
In other words: is DNA methylation is the cause 
or consequence of transcriptional inactivity? It 
appears that both situations can apply. It is im- 
portant to distinguish between housekeeping 
genes, which often have GpG-rich promoters, and 
tissue-specific genes with TATA-box promoters. 
The GpG-rich housekeeping gene promoters often 
encompass a GpG island with SPl transcription 
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factor binding sites and are usually not regulated 
by DNA methylation. SPl binding may assist in 
the protection of these CpG islands from de novo 
methylation. There are several specific instances 
in which DNA methylation is used in the silenc- 
ing of CpG-rich promoters. This occurs as a phys- 
iologically normal process on the female mamma- 
lian inactive X chromosome and in aging indivi- 
duals, and it occurs aberrantly in tissue-culture 
cells and in cancer cells. 

Transcriptional silencing by DNA methylation 
appears to be a more common mechanism among 
tissue-specific genes. These genes usually require 
specific transcription factors for their gene activ- 
ity. Therefore, the mere absence of DNA methyla- 
tion is usually insufficient for gene expression. 
However, in some cases, methylation of the pro- 
moter can block transcription, even in the pres- 
ence of the appropriate transcription factors. 
There are also counter examples in which the pro- 
moter/enhancer sequences are sufficiently strong 
to overcome the effects of DNA methylation. It is 
thought that in most cases DNA methylation may 
not be the primary regulatory mechanism, but a 
consolidating event to help silence otherwise 
weakly expressed genes. This would allow the 
transcriptional machinery to focus on the genes 
needed in that particular cell type. 

DNA methylation can reduce the binding affini- 
ty of transcription factors with CpG as part of 
their DNA binding site. However, this straightfor- 
ward mechanism of transcriptional repression by 
DNA methylation is rather limited in its scope, 
since it would restrict the effects of DNA methyla- 
tion to those promoters with transcription factor 
binding sites containing CpG dinucleotides. It has 
become clear that a more universal mechanism of 
transcriptional repression is operative in mam- 
mals. Sequence-independent methylCpG-binding 
proteins, such as MeCP2 are recruited to regions 
of high 5-methylcytosine density. Transcriptional 
repression is then mediated by the further re- 
cruitment of a transcriptional co-repressor and a 
histone deacetylase. Histone deacetylation is asso- 
ciated with closed chromatin. This model ele- 
gantly brings together the disparate observations 
of high 5-methylcytosine densities and closed 
chromatin configuration in regions of low tran- 
scriptional activity. 



24.3.2 

X-lnactivation^^ 

Female X-inactivation in mammals compensates 
for the difference in X-linked gene dosage be- 
tween males and females. This is one of the most 
intensively studied systems of epigenetic control 
in mammals. Chapter 25 provides a detailed ac- 
count of what is currently known about this pro- 
cess. Here the role of DNA methylation in X-inac- 
tivation is briefly summarized. 

DNA methylation is an essential component in 
the regulation of mammalian X-inactivation. Dif- 
ferentiating cells that have been rendered defi- 
cient in DNA methyltransferase by targeted gene 
mutation are unable to prevent the inactivation of 
both X chromosomes in female cells or even the 
single X chromosome in male cells. Apparently, 
DNA methylation is required to silence Xist ex- 
pression on the X chromosome that is to remain 
active (see Chap. 25). 

DNA methylation also plays an essential role in 
maintaining the inactive state on the Xi. Treatment 
of tissue culture cells with 5-aza-C causes the reac- 
tivation of the inactive X chromosome. This may 
not seem strange in light of the fact that many tran- 
scriptionally silenced genes on the inactive X have 
heavily methylated promoters. However, X-inactiva- 
tion occurs temporally before this acquisition of lo- 
calized hypermethylation during embryonic devel- 
opment. In contrast, it has been shown that XIST 
expression is not required for the maintenance of 
X-inactivation in somatic cell hybrids. Apparently, 
the mechanism of initiation of X-inactivation dif- 
fers from that of its maintenance. 

In summary, DNA methylation is initially re- 
quired for the protection of the active X chromo- 
some from the X-inactivation process and it is re- 
quired later for the maintenance of the silenced 
state of the inactive X chromosome. 

24.3.3 

Genomic Imprinting 

Genomic imprinting refers to a differential expres- 
sion of alleles that is determined by parental origin. 
This phenomenon is extensively discussed in Chap. 
26. Here, the pertinent elements involving DNA 
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methylation will be briefly reviewed. One of the 
requirements of imprinting is that a mark is set 
in the genome during gametogenesis that is stable 
enough to persist through fertilization and early 
embryonic development to confer the parent-of- 
origin information. 5-Methylcytosine DNA modifi- 
cation with its stable covalent nature and its faithful 
propagation during cell division would seem to be 
ideally suited for this task. One problem with this 
scenario is the wave of demethylation that occurs 
in preimplantation embryonic development. If 
DNA methylation is used as a gametic mark, then 
it must somehow be protected against this de- 
methylation. Most of the gamete-specific differ- 
ences in DNA methylation are indeed erased dur- 
ing the preimplantation stage, but imprinted loci 
have been found to contain crucial localized re- 
gions that resist both the generalized preimplanta- 
tion demethylation and the pregastrulation de 
novo methylation. These regions are thought to 
be important regulatory regions that transfer the 
gametic information to the differentiated somatic 
cells that arise later in development. 

DNA methylation also seems to be an impor- 
tant mechanism in the final establishment of the 
monoallelic expression patterns. Imprinted silent 
alleles usually have methylated promoter regions, 
whereas the non-imprinted, transcriptionally ac- 
tive, alleles do not have heavily methylated pro- 
moter regions. The importance of DNA methyla- 
tion to genomic imprinting was convincingly de- 
monstrated by the biallelic expression patterns of 
imprinted genes in mouse embryos deficient for 
the DNMTl DNA methyltransferase. 

24.3.4 

Host Defense 

While it is generally accepted that DNA methyla- 
tion in the vertebrate genome acts as an auxiliary 
mechanism in the silencing of gene expression, it 
is still a matter of debate which type of gene si- 
lencing is of most evolutionary importance. This 
issue is frequently raised because metazoans such 
as Drosophila melanogaster achieve complex de- 
velopment and organogenesis without the use of 
DNA methylation. In light of this, it has been pro- 
posed that the primary evolutionary reason for 
DNA methylation is not to be found in develop- 



mental gene control, X-inactivation or genomic 
imprinting, but in the defense against the intrage- 
nomic spread of repetitive parasitic sequences. In- 
deed, most of the genomic DNA methylation in 
mammals is located in transposable elements. 
Since these parasitic sequences spread by retro- 
transposition, transcriptional silencing by DNA 
methylation would block the first step in their 
transposition. Strong supporting evidence for this 
role was provided by interspecific hybrids of wal- 
labies that showed substantial somatic hypo- 
methylation and the concomitant spread of an en- 
dogenous retroviral element. 

24.3.5 

Mutagenesis^^ 

Methylated cytosine residues undergo mutation at a 
significantly elevated rate. CpG dinucleotides con- 
stitute approxijnately 2% of the human genome. 
Nevertheless, the spectrum of point mutations in 
the human germline and in human tumors reveals 
that one quartet to one half of all point mutations 
occur specifically as a CpG to TpG or as a CpG to 
CpA transition, which is equivalent to a C-to-T 
transition on the opposing DNA strand. It is esti- 
mated that 5-methylcytosine undergoes mutation 
at a rate 10- to 40-fold higher than that of any of 
the unmethylated bases. This increased rate of mu- 
tagenesis is attributable to a very high rate of dea- 
mination of 5-methylcytosine at the C-4 position, 
resulting in the generation of a thymine residue. 
Since thymine is a normal constituent of DNA, it 
is not always recognized as the aberrant base in 
the G:T mismatch resulting from the 5-methylcyto- 
sine deamination event. Deamination of unmethy- 
lated cytosine results in a uracil residue, which is 
efficiently repaired through a repair pathway in- 
itiated by excision of the uracil base by the enzyme 
uracil DNA glycosylase. 

The powerful gene silencing tool of DNA 
methylation comes at a significant price. Appar- 
ently, its biological role is sufficiently important 
that DNA methylation has been preserved during 
vertebrate evolution, despite the severe mutational 
burden imposed by 5-methylcytosine deamina- 
tion. The high mutation rate associated with cyto- 
sine-5 DNA methylation may be the reason that it 
has been lost in some eukaryotic lineages. 




24.4 

Summary and Outlook 
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DNA methylation is a direct covalent modification 
of DNA. As such, it is intricately intertwined with 
the biology of DNA. The diversity of topics cov- 
ered in this chapter alludes to the multifaceted 
nature of DNA methylation function that follows 
from this intricate association with DNA. Many 
other aspects of DNA biology, such as DNA struc- 
ture, replication, and repair, were not addressed, 
but are no less important to our full understand- 
ing of the biological function of eukaryotic DNA 
methylation. 

The emphasis of this chapter has been on the 
epigenetic aspects of DNA methylation as 
mediated through gene expression. The theme 
that emerges from this chapter is that DNA 
methylation is often not the primary driving force 
in the regulation of gene expression, but is used 
as a consolidating mechanism to support effects 
initiated by other factors. 

It is also quite clear from this chapter that we 
have very little understanding of the regulatory 
mechanisms that determine how DNA methyla- 
tion patterns are laid down and how they are al- 
tered. A common thread seems to be that these 
regulatory mechanisms can be disrupted, result- 
ing in redistribution of DNA methylation in the 
genome, as seen in tissue culture, aging, and in 
cancer. 

DNA methylation appears to serve a variety of 
biological roles in vertebrates. Which of these 
roles was most influential in the preservation of 
DNA methylation during vertebrate evolution is 
difficult to assess retrospectively. One way to 
approach this issue is to determine the cause of 
the embryonic lethality in Dnmtl -deficient mice. 
Nevertheless, regardless of the outcome of that 
determination, it seems unwarranted to state that 
DNA methylation serves a single role in verte- 
brates at the exclusion of others. Evolutionary se- 
lective pressure leads to the opportunistic use of 
existing regulatory mechanisms for new pur- 
poses. Thus, it seems likely that such a useful 
method of silencing gene expression would be 
employed in various ways. 
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25-1 

Introduction ^ 

We have known for the greater part of the 20th 
century that mammalian females and males differ 
in both number and kind of sex chromosomes. 
While females have two X-chromosomes {XX}, 
males have one X- and one Y-chromosome (XY). 
Both the X and Y carry genes that enhance female 
and male reproductive function, respectively Be- 
cause the Y-chromosome is relatively small and 
carries only a few genes, this sex chromosome 
difference means that females essentially have 
double the number of sex- chromosome genes 
compared to males. Yet, biochemical evidence in- 
dicates that this difference in chromosome num- 
ber does not result in sex-specific differences in 
the total amount of X-encoded RNAs or proteins. 
In other words, female cells with two copies of 
every X-linked gene synthesized the same amount 
of protein products as males cells with half the 
number of genes. For years, this equation puzzled 
biologists. Clearly some form of dosage compen- 
sation akin to those found in other sexual organ- 
isms must exist in mammals. 

In the fruitfly Drosophila melanogaster, sex is 
also determined by X and Y homologous chromo- 
somes, Here, dosage compensation is achieved by 
upregulating X-chromosome transcription from 
male cells by two-fold. In the nematode worm, 
Caenorhabditis elegans, sex is determined by sex 
chromosome number: an XX constitution estab- 
lishes the hermaphrodite state, while an XY or XO 
constitution determined maleness. Interestingly 
dosage compensation occurs in the exact opposite 
fashion - each X-chromosomes in female cells is 
downregulated by 50%, A breakthrough in under- 
standing how dosage compensation occurs in 
mammals came from the works of Murray Barr 



and Mary Lyon. In 1949, Barr and colleague E,G, 
Bertram discovered that female cells differed from 
male cells in having a darkly stained structure in 
the inter phase nucleus (Fig, 1). Called sex chro- 
matin or Barr body this structure was present 
only when cells had at least two X-chromosomes, 
Further study demonstrated that the number of 
sex chromatin bodies directly reflected the sex 
chromosome constitution of an individual (Ta- 
ble 1). In humans, a 46XY male has none, a 46XX 
female has one, and a 47XXX female has two. 
From the works of geneticist Mary Lyon and 
others to follow, we now know that the Barr body 
represents an inactivated X-chromosome which 
has altered biochemical properties from its active 
counterpart (and hence, the differential staining 
property). 



XXX 




Fig, 1, The dye cres^l violet 
stains the Barr body in human XY 
cheek cells- XY males show no 
Barr body; XX females have one- 
and XXX females have two. (KL 
Moore, 1997, The Developing 
Human, Saunders, Philadelphia: 

Moore and Barr, 1955, Lancet ^ 
vol 2. p. 57) 
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Table 1. Correlation between X- chromosome number and 
Barr body number In humans. Number refers to the total 
number of chromosomes and is followed by the sex chro- 
mosome constitution 



Sex chromosome constitution 


Number of 
Barr bodies 


45X0 (Turner Syndrome). 46XY, 47XYY 


0 


46XX, 47XXY (Klinefelter Syndrome) » 
48XXVY 


1 


47, XXX 48XXXY 49,XXXYY 


2 


48.XXXX 49.XXXXY 


5 


49,XXXXX 


4 



Lyon proposed the X-inactivation hypothesis in 
1961 based on peculiar observations made in 
mice. She noted that mutations in X-linked coat 
color genes can be manifested differently in female 
and male mice. Male mice were homogeneously 
brown when they inherited the wild -type color 
gene, but were homogeneously white when they in- 
herited the mutant allele. This was consistent with 
there being only one X-chromosome and therefore 
expression of only one color allele in males. On the 
other handj female mice could be one of three phe- 
notypes, depending on what color genes they inher- 
ited. If both Xs carried wild-type genes, they were 
uniformly brown. If they both carried mutant 



genes, they were uniformly white. However, mice 
that were heterozygous were a mosaic of brown 
and white patches, indicating that patches of cells 
expressed either the wild type or mutant allele - 
not both. Lyon concluded that this mosaic expres- 
sion of coat color genes arose as a result of random 
inactivation of one X-chromosome during early fe- 
male development. 

The Lyon hypothesis suggests that X-inactiva- 
tion is, in fact, the means by which mammals 
achieve dosage compensation of the X-chromo- 
some between males and females. The hypothesis 
states that both Xs are active during the earliest 
stages of female development but that one is ran- 
domly chosen to become inactive during embryo- 
genesis. Since inactivation is random, some cells 
inactivate the paternally derived chromosome, 
while others inactivate the maternally derived 
chromosome. Once the decision is made by a pro- 
genitor cell to inactivate one X, that decision is 
maintained by all cells arising from that progeni- 
tor. Because the decision is made very early in de- 
velopment, that adult female mammal is a ran- 
dom patchwork of cion ally derived cells all ex- 
pressing the same X-linked alleles (Fig. 2). 

In the past three and a half decades, a wealth 
of biochemical and genetic evidence has continu- 
ally substantiated the Lyon hypothesis. X-inactiva- 
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Fig. 2. The calico pattern in cats is the result of random X- 
inactivation in the developing female embryo carrying two 
different color alleles (brown and orange). In embryonic 
lineages, X-inactivation occurs shortly after implantation in 
the late blastocyst stage and gives rise to a clonal patch- 



work of cells that express either the paternally or mater- 
nally derived X-chromosome. Thus, the adult animal is a 
mosaic of two types of cells, those expressing the gene for 
the brown pigment (paternd X) and those expressing the 
gene for the orange pigment (maternal X) 
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tion as a means of dosage compensation can now 
be generalized to nearly all mammals. In the 
household cat, the calico pattern of coloration is 
also a result of mosaic expression of X-linked 
coat color genes (Fig. 2). Thus, the calico pattern 
can only be found in female cats (with rare excep- 
tion in the case of XXY males). In early mammals 
like the marsupials (kangaroo, opposum), one X- 
chromosome is also inactivated in females, but in- 
triguingly, it is the paternally inherited chromo- 
some that is always inactivated. This form of X- 
inactivation is known as imprinted X-inactivation 
and is believed to be the earliest form of X-inacti- 
vation. It can also be found in some tissues of 
mammals that evolved later - for example, in the 
extraembryonic tissues of Mus musculusy the 
house mouse. In humans, X-inactivation evolved 
to a form where it is random in all cell lineages. 

In modern-day medical practice, an under- 
standing of human diseases caused by X-linked 
genes often requires consideration of X-inactiva- 
tion. For example, X-linked red-green color blind- 
ness is found in 10% of the men, but is rarely 
found in women. Since female cells randomly in- 
activate one of their two X-chromosomes, the ret- 
ina of a woman heterozygous for the red-green 
color blindness mutation would be a mosaic of 
normal and mutant photoreceptor cells. On aver- 
age, 50% of her cells would express wild-type pig- 
ments, so that she would be able to perceive col- 
or. Color blindness is occasionally found in wom- 
en: for example, in cases where two mutant loci 
are inherited or, alternatively, where there is unfa- 
vorable Lyonization - that is to say that X-inacti- 
vation is skewed toward inactivating the normal 
chromosome so that very few cells express the 
normal red-green pigment. In such cases, >95% 
of her retina may have inactivated the chromo- 
some carrying the wild-type pigment genes. This 
can occur by chance alone or by genetic predis- 
positions such as chromosomal rearrangements 
where an autosome and an X fuse to form a 
translocation chromosome. In patients with X- 
autosome translocations, X-inactivation occurs 
primarily on the normal X-chromosome, because 
inactivation of the translocation chromosome 
may result either in inactivation of autosomal 
genes on the hybrid chromosome or in an extra 
dosage of the X-chromosome (these cells are 



eliminated during development). Because great 
variability exists in which X-chromosome is inac- 
tivated, it is important to note that female genetic 
twins are not true identical twins - this is ob- 
vious from variations observed for height, colora- 
tion, and behavior of female genetic twins. 

Thus, an understanding of X-inactivation, its 
mechanisms, and its developmental features has 
become an important part of clinical and basic 
science. Although X-inactivation was discovered 
almost 40 years ago, our insights are still some- 
what limited, particularly in the mechanistic are- 
na. This chapter summarizes what we currently 
know about the X-inactivation process and at- 
tempt to highlights future directions in the study 
of this uniquely mammalian phenomenon. 

25.2 

X-lnactivation During Mammalian 
Development^ 

Just as in the fruitfly and the nematode worm, dos- 
age compensation is one of the first detectable 
events during embryonic development. It is appar- 
ently not required between the zygotic and morula 
stages, since both X-chromosomes are fully active 
with no detriment to female embryos. During this 
time, female embryos have twice the amount of 
X-linked enzymes. Thereafter, X-inactivation oc- 
curs in two successive waves, without which fe- 
male embryos fail to differentiate and rapidly suf- 
fer in utero death. In both mice and humans, the 
first wave of X-inactivation occurs in the preim- 
plantation blastocyst in the extraembryonic layer 
(trophectoderm, day 3.5 postcoitum in mice). It is 
hypothesized that X-inactivation is required at this 
time in order for the extraembryonic lineage to de- 
velop into functional placental tissue for implanta- 
tion and support of the embryo proper. Some con- 
sider this a distinct process from X-inactivation in 
embryonic tissues because it can be imprinted in 
some mammalian species such as mice. 

The second wave of X-inactivation occurs 
shortly after implantation in the inner cell mass 
of the female blastocyst, a compartment contain- 
ing cells that will differentiate into the germ 
layers from which all tissues of the fetus are de- 
rived. Here, the differentiation into ectoderm, me- 
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soderm, and endodemi must be preceded by X- 
inactivation> as embryos that fail to undergo X-in- 
activation do not form recognixable tissue* Unlike 
in marsupials where X-inactivation is uniformly 
imprintedj the process occurs randomly in euther- 
ian mammals, so that the paternally derived or 
maternally derived chromosomes have an equal 
chance of being inactivated* One could argue that 
species with random inactivation have a signifi- 
cant advantage over those with imprinted X-inac- 
tivation in that X-linked mutations in heterozy- 
gotes are less likely to result in a disease pheno- 
type with random inactivation* 

Embryologic and genetic evidence indicates 
that X-inactivation is a multi-step process (Fig* 3)* 
Just as in the fruitfly and the nematode, a count- 
ing mechanism acts very early in development to 
determine total X number* Counting presumably 
occurs prior to or around the time of implanta- 
tion* Dosage compensation is called upon only 
when that number is two or greater in a diploid 
background. This means that, in diploid cells 
with two X- chromosomes, one is inactivated; in 
those with three Xs, two are inactivated; and 
in those with four Xs, three are inactivated. Thus, 
X-inactivation in diploid cells follow the n-1 rule 
for shutting down additional Xs* Mouse studies 
have shown that in polyploid cells, a similar rule 
applies in which one X is kept active for every 
two sets of autosomes. Therefore, tetraploid cells 
have two active Xs and shut off all additional Xs* 
Each cell counts for itself and makes the indepen- 
dent decision to undergo X-inactivation* Thus, 
mosaic individuals composed of XX and XO cells 
will undergo X-inactivation only in XX cells* 



Following the decision to undergo X-inactiva- 
tion, a cell must choose between its two X-chro- 
mosomes (or more in cases of sex chromosome 
aneuploidies) fof inactivation* Once the decision 
is made to inactivate one X, that chromosome 
then initiates the inactivation process within a 
discrete control center called the Xic (see below), 
which then spreads silencing throughout the en- 
tire chromosome* Since the silent state is stable 
through subsequent mitotic divisions, there must 
also be a memory mechanism to maintain the in- 
active state. Finally, in the female germline, X-in- 
activation must be reversed (X- reactivation) to 
ensure equal segregation of X-chromosomes to 
meiotic progeny*; 

In recent years, the challenge in X-inactivation 
has been to identify genes involved in each step 
of the pathway and to determine how they act to 
bring about chromosome-wide changes* The re- 
mainder of this chapter deals with mechanistic is- 
sues and data which have emerged in recent years 
to address them* 

253 

X-lnactivation Involves Changes 
in Chromatin Structure ^ 

Recent developments in molecular biology have 
convincingly argued that transcriptional regula- 
tion and chromatin structure cannot be studied 
in isolation* Much evidence has come from the 
study of dosage compensation where chromosome 
structure and function are directly coupled* In 
fact, several factors required for dosage compen- 



Count X's 



Choose X 
to inactivate 




XX femafe 
n = 2 



Assemble 

inactfvalion Spread 

factors# along X 





Estabiish 

Inactive 



St at e 



nactiv^ 




Fig. 3* X-inactivation is a multistq? process 
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sation are known to be chromosome-associated. 
In the fruitfly, hyperactivity of the male X-chro- 
mosome involves action of the MSL proteins, a 
complex that contains the gene products of msll, 
msl2y msl3y and mlel and decorates the male X- 
chromosome at hundreds of sites throughout this 
large chromosome. Although how this complex 
effects transcriptional regulation is not known, it 
is thought to have an RNA helicase activity 
(MLEl) and to recruit an acetyltransferase that 
modulates the function of histone proteins on the 
X-chromosome, thereby facilitating interaction 
between transcription factors and the chromatin 
template. Recent evidence also implicates two un- 
translated RNAs, roXl and roX2, which also dec- 
orate the male X and may act within the MSL 
complex. In the nematode worm, hypoactivity of 
the two female X-chromosomes requires two 
chromosome-associated gene products, DPY26 
and DPY28, both of which are also necessary for 
chromosome condensation in mitosis and meio- 
sis. In addition, it requires DPY27, a chromosome 
condensation enzyme acting specificially on the 
hermaphrodite X-chromosomes. In mammals, X- 
inactivation involves at least one chromatin- 
bound factor, the RNA product of the Xist gene 
(see below). Although we do not know how this 
RNA works, studies have shown that this RNA 
completely coats the inactive X, suggesting that it 
may act within an RNA-protein complex to 
change chromatin structure. 

The observation that the inactive X is physi- 
cally and biochemically different from its active 
counterpart was made long before molecular biol- 
ogy could be feasibly applied to the study of X-in- 
activation. In virtually all respects, the inactive X 
resembles the constitutive hetero chromatin found 
in silent regions of the genome, such as those 
found in satellite DNAs and near centromeres. 
First, the inactive X appears condensed both by 
electron microscopy where it is electron-dense 
and by histologic staining with DNA dyes like cre- 
syl violet and Giemsa, two stains historically used 
to identify the Barr body in clinical preparations. 
These histologic preparations also show that the 
inactive X frequently appears as a dense structure 
attached to the nuclear membrane (Fig. 1) - a re- 
gion of the nucleus where one commonly finds 
heterochromatic sequences. 



Second, like other types of heterochromatin, the 
inactive X replicates relatively late in S-phase of the 
cell cycle. When the mammalian genome is pulse- 
labelled with tritiated thymidine or the nucleotide 
analogue, 5-bromo-2'-deoxyuridine (BrdU), two 
general classes of sequences become discernible: 
euchromatic or active regions which tend to repli- 
cate early in S-phase and heterochromatic or inac- 
tive regions which tend to replicate late. When fe- 
male cells are pulse-labelled during the late S- 
phase period, the inactive X stands out as the only 
chromosome to be grossly labelled. It is distinct not 
only from all autosomes, but also from the active X 
which replicates early in S-phase. 

Furthermore, the inactive X has proven to re- 
semble constitutive heterochromatin in being 
markedly hypoacetylated on the amino -terminal 
lysine residues of histone H4, one of four histone 
proteins making up the core nucleosome (Fig. 4). 
Modification of histone tails by acetylation has 
been strongly correlated with gene activation. In 
fact, many transcriptional coactivators have 
turned out to be histone acetylases and, conver- 
sely, some transcriptional corepressors have prov- 
en to be histone deacetylases. It has been hy- 
pothesized that acetylation neutralizes positively 
charged lysine residues and lowers the affinity of 
the histones for the negatively charged DNA back- 
bone, thus allowing better access for transcription 
factors. Alternatively, the neutralization of charge 
may facilitate the interaction of histones directly 
with modulators of transcription. In the case of 
the inactive X, the chromosome becomes grossly 
deacetylated not only on histone H4, but also on 
the amino-terminal tails of histones H2A and H3. 
Thus, the inactive X is distinguishable from all 
other chromosomes, including the active X, on a 
metaphase chromosome preparation by its greatly 
reduced acetylation state. 

Finally, X-inactivation is accompanied by 
changes in cytosine methylation of the inactivated 
DNA. Direct chemical modifications to the silent 
DNA were first suggested in the early 1980’s by 
gene transfer experiments. When a wild-type hy- 
poxanthine phosphoribosyltransferase (HPRT) 
gene from the active X was directly transfered to 
an HPRT-deficient cell line, the HPRT gene res- 
cued the deficiency in the recipient. However, 
when the wild-type HPRT gene was derived from 
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Fig. 4AjB. The inactive X is hypoacetylated on the ammo- 
terminal lysine tail of histone H4. A A metaphase spread 
from a wild-type female mouse fibroblast line is stained 
with DA PI, a dye that indiscriminately binds to all chromo- 
somes in the cell. The inactive X is indicated by an arrow. 
E The same metaphase spread is immunolabelled with a 



the inactive X, the recipient remained HPRT-defi- 
cient. That this difference resides in differential 
methylation was then suggested by experiments 
demonstrating that treating cells with an inhibitor 
of DNA methyltransferase, 5-azacytidine> resulted 
in the derepression of HPRT and other X-linked 
genes. Later studies then showed that differential 
methylation occurs primarily within CpG islands 
found at the 5' ends of genes, with the inactive X 
showing significantly elevated cytosine methyla- 
tion. Although a role for DNA methylation in 
mammalian development and transcriptional reg- 
ulation is indisputable, how DNA methylation 
blocks transcription is still unknown. It is widely 
believed that DNA methylation does not directly 
inhibit transcription, but serves to recruit factors 
to lock in the repressed state. Furthermore, it is 
presently thought that DNA methylation does not 
participate in the initial steps of X-inactivation, 
but instead acts to maintain the silent state dur- 
ing later stages of X- in activation. 
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fluorescein- conjugated antibody that recognizes amino -ter- 
minal acetylated lysines of H4, This shows that all chromo- 
somes are grossly labelled with the antibody except for the 
inactive X (arrow) which is not detected by the fluorescent 
antibody staining. (Photograph ]f.T Lee) 



25.4 

Toward a Molecular Understanding 
of X~lnactivation^ 

One of the most intriguing mysteries about X-inac- 
tivation is how two chromosomes with identical se- 
quence can have exactly opposite transcriptional 
states. This epigenetic difference is apparently 
regulated by a control region on the X-chromo- 
some known as the X-inactivation center (Xic). 
The existence of this center was first deduced from 
the observation that two types of Xs are 
created by chromosome rearrangements involving 
X-to-autosome translocations: Xs that retain a dis- 
crete region on the X can still undergo X-inactiva- 
tion, while those that lose this region cannot do so. 
Genetic and physical mapping around this region 
indicate that the region is no more than 1-2 mil- 
lion base pairs (Mb) and resides between the genes 
Rps4 and Pgkl in the middle of the X (Fig. 5). The 
inactivation center on X-autosome chromosomes 
can sometimes spread silencing part way into auto- 
somal regions. In cases where this is true, inactiva- 
tion is most frequently seen near the junction of 




25 X- Chromosome Inactivation 413 




Fig. 5, The X-in activation center (Xic) resides in a I -2-mil * 
lion base pair region in the middle of both the human 
(left) and mouse (fight) X-chromosomes 



the chromosome fusion and spreads away from the 
X in a limited^ but mitotically stable fashion. This 
gave rise to the idea that the silencing process be* 
gun by the Xk is propagated throughout the chro- 
mosome in a spreading fashion. 



What makes up the Xic is still unclear, but we 
know that it contains at least one important gene 
for X-in activation. The Xist gene caught the atten* 
tion of X-chromosome biologists as a sequence 
that is expressed only from the inactive X. It was 
then found to be an unusually large transcript 
that is localised in the nucleus. Moreover, the 
RNA has no open reading frames and is not 
translated to protein. Fluorescence in situ hybrid- 
ization (FISH) to detect the RNA shows that it is 
found within the same nuclear space as the inac- 
tive X during interphase and can be seen cover- 
ing the inactive X from centromere to telomere 
on mouse metaphase chromosome spreads 
(Fig. 6). Xist expression is upregulated just prior 
to the onset of X-inactivation in mice, implying a 
likely role in the initiation of the silencing mecha- 
nism. An absolute requirement for Xist was de- 
monstrated by mouse knockout experiments that 
deleted Xist from one female X-chromosome. In 
these heterozygous female cells, X-inactivation 
can no longer occur on the X from which the 
gene was deleted. But it can still occur on the 




Fig. 6A-B> Xht RNA coats the inactive X. A A metaphase fluorescein ^conjugated probe that specifically detects Xist 

spread from a normal female mouse fibroblast line is uni- RNA (fluorescence in situ hybridization). The bright speck- 

formly stained with DAPI. The inactive X is indicated by l^s lying over the inactive X (firroiv) represent coating by 

an arrow. B The same metaphase spread is hybridized to a Xist RNA. (Photograph J.T. Lee) 
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normal X-chmmosome. This suggests that Xist is 
needed for X- inactivation in as but its absence on 
one chromosome cannot disrupt X- inactivation 
from the other (normal) X. The fact that X-inacti- 
vation can still occur on the normal X implies 
that these female cells still have an intact chromo- 
some-counting mechanism* 

We do not yet understand how the Xist gene 
works* One possibility is that transcription 
through the locus opens up the chromatin for 
binding of silencing factors, which then spread 
throughout the chromosome. Another possibility 
is that it acts through its RNA - a hypothesis sup- 
ported by the fact that the RNA is moderately 
conserved throughout the placental mammals and 
evidently coats the inactive X in several mamma- 
lian species* One could envision that the RNA 
spreads through the X and recruits silencing fac- 
tors to the X chromosome* Either hypothesis re- 
mains fully compatible with all available data* In- 
terestingly, recent work has shown that a histone 
H2A variant called MacroH2Al is enriched on the 
inactive X* Although it can also be found on 
other chromosomes, MacroH2Al appears to pre- 
ferentially coat the inactive X in a manner cyto- 
logically similar to that of Xist RNA. This finding 
raises ^e possibility that Xist RNA may recruit 
this histone variant to the chromosome and that 
this novel histone may be an integral part of het- 
erochromatin* 

Since Xist is so far the only known required 
gene, it will be important for future work to de- 
termine how the Xist gene and RNA are regu- 
lated* It is clear that mere expression of the gene 
is not sufficient for binding of the RNA or inacti- 
vation of the chromosome* We know this because, 
during the earliest stages of development prior to 
uterine implantation of the embryo, the gene is 
expressed in both male and female cells {Fig* 7); 
but during this early stage, the expression of Xist 
does not result in accumulation of the RNA or its 
spread along the X* Nor is there silencing of X- 
linked genes. It appears that, although the gene is 
on, the synthesized RNA is rapidly degraded {re- 
ferred to as low level expression)* In postimplan- 
tatioe embryos, a cellular mechanism counts X- 
chromosome number and induces the X-inactiva- 
tion pathway when the number exceeds one X per 
diploid autosome set* In male cells, a number of 



Undifferentiated Cell Differentlafed CeN 



low 



Off 



? 




low 




Fig, 7, Expression of Xist RNA during development. Three 
types of expressiqn patterns have been described: ioWj 
which is seen in Undifferentiated early embryonic cells in 
both males and females; ojft which is the slate of Xist on 
the male X and the female active X; and high^ which is 
seen only on the female inactive X 



one leads to the repression of Xist expression (off 
state)* In females, counting leads to two events: 
repression of Xist on the X-chromosome chosen 
to be active (off) and stabilization of Xist RNA on 
the X-chromosome chosen to be inactivated 
(high)* How these events occur is not known at 
present. 

Is Xist the only important gene at the X-inacti- 
vation center? It seems unlikely that silencing of 
an entire chromosome is controlled by only one 
gene* The existence of other required elements is 
supported by the effect of a large deletion which 
knocks out a 65-kb region immediately down- 
stream of the Xist gene* Interestingly, this dele- 
tion skews X-indctivation toward the mutant chro- 
mosome, so that X-inactivation now only occurs 
on the chromosome carrying this deletion* This 
deletion also knocks out the chromosome-count- 
ing mechanism, as a cell carrying only the mu- 
tated chromosome also undergoes X-inactivation! 
These results imply that the 65-kb domain con- 
tains element(s) for chromosome-counting and 
-choosing* Yet, while many other genes have been 
cloned previously from this region, none has the 
appearance of a regulatory gene* 

Attempts to address this question have come 
from transgenic mouse studies* The strategy has 
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Fig. 8 A-C. Ectopic Xic sequences on mouse autosomes re- 
sult in silencing of the autosome in cis. A Mouse chromo- 
some 12 carrying sequences from the Xic at a position near 
the centromere- Silencing spreads to genes as far as Yyl on 
the autosome. E DAPI-stained metaphase chromosomes 
from a male fibroblast line carrying the transgene-contain- 



ing autosome (ijrroM/s). C The same metaphase is immuno- 
laoelled with fluorescein- conjugated antibodies against 
acetylated histone H4, showing that the two transgene-con- 
taining autosomes are not labelled like the inactive X in 
females 



been to move different pieces of the Xk onto 
autosomes to answer two key questions: first, how 
much of the 1-2-Mb region is needed for X-inac- 
tivationi Second, can this process be recapitulated 
on autosomes? 

Curiously, when a 450-kb sequence that in^ 
dudes the Xist gene is inserted into autosomes, 
the autosome begins to look like the inactive X 
(Fig, 8), First, the autosome also becomes coated 
with RNA synthesized from the ectopic Xist gene. 
Second, the autosome is now replicated later in S- 
phase than its normal homologue and is hypoace- 
tylated on histone H4 - two features associated 
with silent regions of the genome in species as di- 
verse as yeast and mammals. Finally, several 
genes on that autosome were silenced in cis to the 
Xic sequences. Because all of these events can oc- 
cur ectopically on an autosome, the transgenic 
work argues that the inactivation control center 
may be as small as 450-kb. The transgenic work 
furthermore demonstrates that the inactivation 
mechanism does not absolutely require sequences 
on the X-chromosome aside from the Xic: indeed, 
Xist RNA binds the autosome and silencing ex- 



tends across the length of the autosome in the ab- 
sence of additional sequences. In the coming 
years, it will be important to identify elements 
within this region that are needed for the inacti- 
vation process. 

25,5 

Exceptions to the Rule: 

Escape from Xdnactivation ^ 

Although X-inactivation is a chromosome -wide 
silencing phenomenon, not all regions of the X 
are equally affected. In humans, the distal short 
arm of the X escape inactivation as a block and is 
referred to as the pseudo autosomal region both 
for its putative autosomal origin and the fact that 
this has a homologous region on the Y that be- 
haves more like autosomes. Many other genes on 
the human X are also known to escape inactiva- 
tion. A partial list of these genes is depicted in 
Fig, 9, It is not known why or how some genes 
escape inactivation, as there does not appear to 
be any obvious rules or patterns. While there is a 
tendency for some of these genes to cluster, active 






416 f.T. Lee 



ANT3 

MIC2 

XG 

GSIX 

STS ■ 

Kail 

ZFX 



UBE1 1 
TIMP1 ^ 
SMCX. 



RPS4I 
XtST J 



human 




X 



pseudoautosomal 

region 



Fig, 9* Genes that escape X- inactivation on the human X- 
chromosome 



genes can occur within regions that are otherwise 
inactivated. These genes would therefore be ex- 
pressed from both X-chromosomes in female 
cells. Interestingly, many of these genes have a Y- 
homologue, supposedly so that male cells would 
also have two active genes (equivalent dosage to 
that in female cells). 

The ability of genes to escape silencing has im- 
portant clinical consequences. Females with only 
one X-chromosome (45, XO) are relatively com- 
mon in the general population and manifest the 
signs of Turner's Syndrome, While they have nor- 
mal intelligence. Turner’s females develop short 
stature and gonadal dysgenesis. Importantly, since 
they have only one X-chromosome, their cells do 
not undergo X-inactivation, Medical scientists 
have wondered why there should he a phenotype 
associated with Thrner's Syndrome if XO females 
have proper dosage compensation. Recent work 
has provided evidence that this may he because 
so many genes on the inactive X escape transcrip- 
tional silencing. That is to say that the missing 



contribution from genes which escape inactiva- 
tion may be what is responsible for the Turner 
phenotype. In support of this hypothesis, Turner’s 
Syndrome does not exist in mice where very few 
genes escape X- inactivation. In fact, XO mice are 
fully viable, intelligent, and fertile. 

Recent progress made in X-inactivation is 
changing how we view the phenomenon of escape 
from inactivation. The chromosome-wide process 
not only leaves some genes untouched, but also 
varies in the degree to which other genes are si- 
lenced. That is, the silenced state does not have to 
be all- or- none. For example, the mouse X-linked 
gene, Smcx, is only partially silenced and its ac- 
tivity varies tremendously during development 
and between cell lineages. In some cells, Smcx on 
the inactive X is repressed by 80%, while in other 
cells it is repressed by only 30%. These recent de- 
velopments prompt us to redefine the phenomen- 
on of escape and what it means to be inactivated. 
They open up the possibility of finding more ex- 
pressed genes on the inactive X and perhaps 
more genes that cause the phenotypes associated 
with human sex chromosome aneuploidies like in 
Turner’s (XO) and Klinefelter’s (XXY) Syndromes, 
There is much interest in discovering what molec- 
ular differences exist between genes that are fully 
inactivated and those that escape from inactiva- 
tion, as these differences wOl most likely provide 
important information about how single genes are 
shut off by X-inactivation, 

25.6 

X-lnactivation in the Male Germ Line^ 

An intriguing idea often overlooked in discus- 
sions of X-inactivation is that, although X-inacti- 
vation evolved primarily as a means of dosage 
compensation in females, there is reason to be- 
lieve that X-inactivation in a different form oc- 
curs in males. X-inactivation very likely takes 
place in male germ cells during the first meiotic 
prophase. It has been known for over half a cen- 
tury that the meiotic spermatocyte contains a 
unique structure now commonly called the XY 
chromatin body. It is a compact structure with 
many properties of heterochromatin: it is elec- 
tron-dense under electron microscopy and ap- 
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pears to be transcriptionally inert, as evidenced 
by the lack of tritiated uridine incorporation over 
the XY body in cytologic studies. Like the inac- 
tive X, the paired XY chromosomes are also late- 
replicating chromosomes relative to autosomes. 
Consistent with the idea of X-inactivation in sper- 
matogenesis is the interesting finding that Xist 
RNA is expressed at low levels during the early 
stages of male meiosis. These studies have argued 
for a specialized X-inactivation that occur specifi- 
cally in spermatogenesis. 

If indeed there is X-inactivation during sper- 
matogenesis, its mechanism appears to be some- 
what different from female somatic X-inactivation 
in two ways. First, the XY body does not become 
hypoacetylated on the amino -terminal lysines of 
histone H4. Second, this mechanism is not depen- 
dent on a full-length Xist gene, as male mice with 
more than 50% of the Xist gene deleted can still 
undergo spermatogenesis and are fully viable. 

Why would there be a need for X-inactivation 
in spermatogenesis? It has been suggested that the 
X-chromosome may need to be inactivated in or- 
der to suppress recombination with the Y-chro- 
mosome. While there is little disagreement that 
homologous exchange of genetic material between 
the X and Y would be detrimental, there is far 
less agreement on how transcriptional silencing 
would suppress recombination. Unfortunately, the 
lack of good genetic models to study spermato- 
genesis has hampered progress in the study of the 
XY body and its putative inactivation. 

25.7 

Outlook and Summary 

Although X-inactivation was first described by 
Mary Lyon four decades ago, we are only begin- 
ning to understand how the silencing mechanism 
works at the molecular level. Mouse models have 
given us the first glimpse into the molecular pro- 
cess. Indeed, over the past two years, mouse 
knockout experiments have shown that the Xist 
gene is absolutely required for X-inactivation and 
mouse transgenics have substantiated the long- 
held hypothesis that the Xic is the master control 
for initiating silencing. The recent availability of 
more sophisticated mouse knockout and trans- 



genic technologies will be critical to complete dis- 
section of the X-inactivation pathway over the 
next several years. These technologies will enable 
investigators to create more subtle mutations: mu- 
tations that affect specific domains (large and 
small), mutations that are specific to one cell line- 
age, and mutations at promoters that allow genes 
to be turned on and off at the investigator’s will. 

The creation of these types of mouse mutants 
will allow us to address questions regarding the 
developmental biology as well as the molecular 
biology of X-inactivation. Of great import at the 
present time are: what other elements lie at the X- 
inactivation center? What is the role of Xist RNA 
in silencing? What gene products cooperate with 
Xist RNA for silencing? Is there a specific time 
window in development during which these genes 
must act? And finally, what is the mechanism of 
X-inactivation in the male germ line? The con- 
struction of these mouse mutations and the pro- 
spect of generating meaningful data will make the 
study of dosage compensation in mammals as 
fruitful as those for the elegant invertebrate sys- 
tems of D. melanogaster and C. elegans. 
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26.1 

Introduction 

Although a fertilized egg inherits a haploid set of 
chromosomes from both the egg and the sperm, 
in mammals these maternal and paternal gametes 
do not contribute equal genetic functions to the 
developing diploid embryo. Functional differences 
exist between the two sets of parental chromo- 
somes due to a process called genomic imprint- 
ing. Genomic imprinting is a mechanism that dif- 
ferentially marks the maternally and paternally 
inherited chromosome homologues and results in 
particular genes being expressed or repressed in 
response to this parent-specific modification. The 
effect of the imprint on gene activity is to allow 
the expression of some imprinted genes from only 
the maternally inherited chromosome and others 
from the paternally inherited chromosome. This 
is illustrated schematically in Fig. 1 a. It is not 
known why such a process evolved, nor are the 
precise mechanisms involved in the regulation of 
imprinted genes fully understood. However, it fol- 
lows that the dosage of an imprinted gene can 
either be doubled or lost completely if there is a 
uniparental duplication or deficiency involving 
the gene or chromosomal region in which it re- 
sides (Fig. lb). Such aberrations can have pro- 
found effects on mammalian embryonic develop- 
ment and can cause human diseases. 

26.2 

Developmental Consequences of Imprinting^ 

Genomic imprinting ensures the requirement for 
both parental genomes to produce normal mam- 
malian offspring, as shown by the failure of bima- 
ternal (parthenogenetic) and bipaternal (andro- 



genetic) conceptuses to complete embryogenesis. 
Parthenogenetic embryos survive to midgestation 
and appear morphologically relatively normal 
though growth retarded. The extraembryonic tis- 
sues, however, are underdeveloped. Androgenetic 
embryos fare worse than parthenogenones; the 
embryo rarely develops beyond the four to six so- 
mite stage. In contrast to the parthenogenones, 
the extraembryonic tissues are well developed 
though not completely normal. Thus it appears 
that the parental genomes have reciprocal func- 
tions in early embryogenesis, with the presence of 
a paternal genome generally being important for 
the development of the extraembryonic lineages 
and the maternal genome being required for the 
development of the embryonal components at 
these early stages. This reflects the properties of 
imprinted genes whose activity is either doubled 
or lost in the uniparental conceptuses. 

Androgenetic and parthenogenetic cells appear 
to have reciprocal properties later in development, 
too. Chimaeric mice, arising from normal cells, in 
addition to either androgenetic or parthenoge- 
netic cells can be used to investigate the develop- 
mental potential of uniparental cells. The presence 
of normal cells rescues the early lethality seen in 
complete parthenogenetic and androgenetic em- 
bryos. Indeed, parthenogenetic/normal chimaeras 
survive to term and are viable and fertile. They 
exhibit growth retardation but otherwise appear 
normal. Within the chimaera, however, the 
parthenogenetic cells preferentially have an ecto- 
dermal fate (e.g., they are found in neural tissue) 
and are rarer in mesodermal lineages such as 
skeletal muscle. Androgenetic cells are also res- 
cued by the presence of normal cells in androge- 
netic/normal chimaeras. Unlike the parthenoge- 
netic cells in chimaeras, the androgenetic cells 
populate mesodermal lineages and are rarely 
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Fig. la-d. When imprinting goes awry. Schematic repre- 
sentation of three situations which affect the activity of im- 
printed genes, a Normally an imprinted gene is either re- 
pressed on the paternal allele and active on the maternal 
chromosome or vice versa, b Alterations in the origin of 
the two chromosome homologues such that both chromo- 
somes or chromosomal regions are inherited from one par- 
ent, Here, the dosage of an imprinted gene is doubled or 
lost completely, c Inheritance of a mutation such as a dele- 
tions point mutation or interruption by a translocation 
breakpoint, will result in a mutant phenotype only if muta- 



found in neural tissue. These chimaeras show pre- 
natal growth enhancement. Overall, these studies 
indicate that imprinted genes have a role in the 
regulation of embryonic growth and in the nor- 
mal development of particular lineages. These 
findings are reminiscent of some of the clinical 
phenotypes observed in imprinted disorders in 
man (see Sect, 26,4} and indicate that the mouse 
is a good model system to investigate the molecu- 
lar and developmental function of imprinting in 
development and disease. 
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tion is in the active copy of the gene (paternal in this ex- 
ample), If the repressed allele is mutated this will result in 
a normal phenotype because the active copy is still intact 
(not shown), d Mutations may affect the epigenotype caus- 
ing the paternal chromosome to have maternal-like modifi- 
cations or the maternal chromosome to have paternal -like 
imprints. Hence, the chromosome no longer respects its 
parental origin and the imprinted gene activity is affected. 
It is not clear how these mutations act but they can func- 
tion over a large distance affecting the imprinting of sev- 
eral genes 



263 

Only Some Chromosomes Are Imprinted^ 

Extensive genetic studies by Cattanach and his 
colleagues have shown that the requirement for 
both parental genomes is limited to a subset of 
the chromosomes. This has become evident from 
systematic mouse breeding experiments which re- 
sult in embryos carrying uniparental duplications 
and corresponding deficiencies of whole chromo- 
somes (termed uniparental disomy - UPD) or 
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particular chromosomal regions, UPD (Fig, lb) is 
usually caused by meiotic non-disjunction events 
giving rise to unbalanced gametes in both parents 
and can be generated experimentally by inter- 
breeding mouse lines harbouring chromosome 
translocations. If imprinted genes reside on the 
affected chromosome^ then phenotypic effects 
caused by the altered dosage of imprinted genes 
may occur (Fig, 1), By systematically generating 
conceptuses harbouring uniparental duplications 
spanning different chromosomal regions, Catta- 
nach and colleagues have shown that mouse chro- 
mosomes 2, 6, 7, 11, 12, 17 and 18 are imprinted 
(see Fig, 2), Hence the biparental requirement of 
an embryo applies to only a subset of the ge- 
nome. Perturbation of the parental origin of these 
chromosomes leads to quite severe phenotypes in- 
cluding lethality, growth defects and behavioural 
anomalies. This suggests that imprinted genes re- 
side within these regions; however, it does not 



rule out the presence of imprinted genes else- 
where, which cause more subtle effects when their 
dosage is altered. Approximately 90% of the im- 
printed genes identified to date map to the re- 
gions identified in these genetic studies, 

26.4 

Imprintirig Can Cause Human Disease 

Indications that genomic imprinting is involved in 
particular diseases comes from two lines of evi- 
dence. First, when a disease phenotype is consis- 
tently associated with uniparental disomy for a 
particular chromosome or chromosomal region, 
imprinting is inferred. Second, in family pedi- 
grees in which the disease is preferentially or ex- 
clusively transmitted from one parental sex im- 
printing is most likely involved. Examples of this 
latter type are rare but have been described on 
chromosomes 11 and 15, 
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Fig, 2, Map of imprinted regions and genes. Map of chro- 
mosomal regions known to show imprinting phenotypes as 
determined by the use of reciprocal and Robertsonian 
translocations in mouse (after Beechey and Cattanach 
1997), Chromosomal regions displaying no difference in 
phenotype between parents are indicated by a bold line, 
whereas chromosomal regions which have not yet been 
tested are indicated by a thin line. Imprinted regions are in- 
dicated by different shading depending on whether the phe- 
notype is maternab specific (block shading) or paternal-spe- 
cifi c ( ha tch ed shadi ng) . All known imprinted genes in 



mouse are shown, with an arrow indicating the parental 
chromosome from which they are transcribed The syntenic 
regions in human, which are associated with a disease phe- 
notype are indicated: A HO? possible candidate for Albright 
hereditary osteodystrophy (which maps to 7q); SRS? possi- 
ble candidate for Silver Russell Syndrome (see text); PWS/ 
AS syntenic region to human 15qll-13, the Prader-Wilh/ 
Angdman Syndrome critical region; BWS syntenic region 
to human llpl5, the Beck with- Wiedemann Syndrome criti- 
cal region 
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26.4.1 

Uniparental Disomy^ 

When both alleles of a gene are functional, UPD 
involving that gene will not have any effect. How- 
ever, in cases where UPD occurs for a chromo- 
some carrying either a recessive gene defect or an 
imprinted locus or loci, an aberrant phenotype is 
likely to be observed. (Situations where the defect 
is caused by recessive mutation are ruled out by 
considering cases of heterodisomy; here the two 
alleles are unlikely to be homozygous for the re- 
cessive mutation). In humans, UPD has been re- 
ported for 25 of the possible 47 uniparental types 
and imprinting effects have been definitively de- 
monstrated chromosomes 6, 7, 11, 14 and 15. 

The best-studied imprinted disorders involving 
UPD are those on chromosomes 11 and 15. Ma- 
ternal and paternal disomies of chromosome 15 
result in Prader-Willi Syndrome and Angelman 
Syndrome respectively. Paternal UPD of chromo- 
some 11 is associated with Beckwith-Wiedemann 
Syndrome. Maternal UPD of chromosome 11 has 
never been reported and therefore is likely to be 
incompatible with life. These three syndromes are 
the best-studied in terms of imprinting and are 
discussed in more detail below. There are fewer 
reports of UPD for the other three chromosomes. 

Consistent with the imprinting studies in the 
mouse, disorders associated with UPD for various 
human chromosomes exhibit growth abnormali- 
ties. Maternal UPD for chromosome 7 has been 
found in a number of Silver-Russell Syndrome 
(SRS) patients manifesting significant prenatal 
and postnatal growth retardation. The homolo- 
gous region in mice, chromosome 6, when mater- 
nally duplicated results in early embryonic lethal- 
ity. The imprinted PegUMest and Megl/GrblO 
genes (Table 1) have been localized to human 
7q21-qter and are possible candidates for an in- 
volvement in SRS. 

Maternal UPD for chromosome 14 in humans is 
associated with short stature, small hands and feet 
and premature puberty. Analysis of patients with 
maternal and paternal partial trisomy for human 
14 have shown that prenatal growth retardation is 
consistently associated with maternal duplication 
of distal chromosome 14 and is therefore likely to 
be caused by a double dose of a growth inhibitor. 



To date, four cases of paternal UPD 14 have been 
reported, some showing growth retardation and 
mental and musculoskeletal problems. 

Paternal UPD 6 is associated with transient 
neonatal diabetes and growth retardation. A re- 
cent report has localised the responsible gene to 
6q22-q23. This gene is likely to be imprinted and 
involved in the development of pancreatic B cells. 
Possible imprinting effects associated with UPD 
of other chromosomes including 2 (maternal), 16 
(maternal), and 20 (paternal) have been reported 
but remain to be shown conclusively. Some specif- 
ic behavioural effects associated with XO Turner’s 
Syndrome patients when the single X is paternally 
inherited, indicate that imprinted gene(s) are also 
present on the X chromosome. 

26.4.2 

Prader-Willi and Angelman Syndromes^ 

Investigations of Prader-Willi (PWS) and Angel- 
man (AS) Syndromes have revealed much about 
the involvement of genomic imprinting in human 
disease. These two neurological disorders both 
map to human chromosome 15qll-ql3. Despite 
sharing this genetic linkage, they are clinically 
distinct. PWS is characterized by developmental 
delay in early childhood, followed by obesity, 
short stature, hypogonadism and mild to moder- 
ate mental retardation later in life. PWS is caused 
by deficiency of one or more paternally expressed 
genes, as a result of paternal deletions (occuring 
in 70-75% patients), maternal UPD (-25%) and 
imprinting control mutations in rare cases (< 1%) 
(see Fig. 1 d). 

The symptoms of AS include ataxia, seizures, 
hyperactivity, severe mental retardation and ab- 
sence of speech. AS is caused by a maternal defi- 
ciency resulting from maternal deletions (-70%), 
paternal UPD (-5%), imprinting control muta- 
tions (rare) and mutations of the UBE3A gene. 
15qll-13 contains a number of imprinted genes: 
four paternally expressed genes; SNRPNy IPW, 
ZNF127y NECDINy two partially characterized pa- 
ternally expressed transcripts; PAR-E PARS and 
one maternally expressed gene; UBE3A/E6AP (see 
Table 1 for functions). The contribution of these 
genes to the phenotypes observed in these syn- 
dromes remains to be elucidated; however, UBE3A 
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Table 1. Simunary of imprinted genes ^ 



Imprinted 

gene 


Function 


Expressed allde Expressed allele Mouse 
(mouse) (human) chromosome 


Human 

chromosome 


Means of 
discovery 


igf2 


Growth factor 


Paternal 


Paternal 


7 distal 


lip 


Serendipity* 


HI 9 


Untranslated RNA 


Maternal 


Maternal 


7 distal 


lip 


Domain ^ 


P57KIP2 


CDK inhibitor 


Maternal 


Maternal 


7 distal 


lip 


Domain 


Mash2 


bHLH trans- 
cription factor 


Maternal 


Maternal 


7 distal 


lip 


Serendipity 


kvlqti 


Potassium channel 


ND 


Maternal 


7 distal 


lip 


Domain 


IPUTSSC3 


Tumour suppressor 


ND 


Maternal 


7 distal 


lip 


Domain 


IMPTl 


Polyspecific 

transporter 


Maternal 


Maternal 


7 distal 


lip 


Domain 


lns2 


Insulin 


Paternal 


ND 


7 distal 


lip 


l>omain 


Ins I 


Insulin 


Paternal 


ND 


19 


Homologue 


Snrpti 


Splicing factor 


Paternal 


Paternal 


7 proximal 


15q 


Domain 


Znfl27 


Zinc finger protein 
Untranslateo RNA 


Paternal 


Paternal 


7 proximal 


15q 


Domain 


Ipw 


Paternal 


Paternal 


7 proximal 


I5q 


Domain 


Necdin 


Unknown 


Paternal 


Paternal 


7 proximal 


I5q 


Domain 




Ublquitin-protein 

lipase 


Maternal 


Maternal 


7 proximal 


I5q 


Domain 


PegJMpoci 


Zmc finger protein 
Growth factor 
receptor 


Paternal 


ND 


7 proximal 


ND 


Screen‘d 


Maternal 


Maternal (P) 


17 proximal 


6q26-27 


Domain 


PegSfNeonatin 


Proteolipid 
channel regulator 


Paternal 


ND 


2 distal 


20qll-12 


Screen ^ 


Gnas 


Gsa subunit 


Paternal 


ND 


2 distal 


20ql3 


Domain 


MegUGrblO 


Growth factor 
receptor 
Splicing factor 


Maternal 


ND 


11 


7qll.2-12 


Screen‘d 


V2afTsl 


Paternal 


Non-imprinled 

Paternal 


n 


5q22 


Screen' 


PegUMest 


a//? hyorolase 


Paternal 


6 


7q32 


Screen^ 


Gr/J 


Nucleotide release 
factor 


Paternal 


ND 


9 


ND 


Screen' 


Impact 


Unknown 


Paternal 


ND 


18 


ND 


Screen*^ 



The 24 imprinted genes in mouse and man, their chromosomal locations and their methods of identification (at April 
1998) are classified as follows: ® Serendipity: genes found to be imprinted when targeted mutagenesis resulted in different 
phenotypes which were parent- of- origin-dependent. ^Domain: genes discovered by searching within a known imprinted 
domain, ^Screen: paternally expressed genes identified in a cDNA subtraction screen. Screen: maternally expressed genes 
identified in a similar screen, ^Screen: genes identified by RLGS (restriction landmark genomic sequencing), ^Screen: 
genes identified by AMD (allelic message display). 



shows tissue-specific imprinting in hippocampal 
and Purkinje neurons^ consistent with the neuro- 
logical anomalies described for AS, 

Imprinting control mutations affect the ability 
of the parental chromosomes to acquire the ap- 
propriate epigenetic modifications which regulate 
the activity of imprinted genes. This defect in so- 
called epigenotype results in a paternally inher- 
ited chromosome functioning as if it were mater- 
nal and vice versa. The imprinting control muta- 
tions found in both syndromes encompass the pa- 
ternally expressed SNRPN gene and overlap with 
a region known as the imprinting centre responsi- 
ble for the proper setting and resetting of epigen- 



otype for the whole region in the gamete. Micro - 
deletions which disrupt imprinting control of the 
entire region do not overlap in the majority of 
PWS and AS patients^ hence the imprinting centre 
may have a bipartite structure. In PWS patients 
the deletions cover the SNRPN promoter (leading 
to loss of SNRPN expression) and prevent the re- 
setting of the maternal to paternal epigenotype in 
the male germline^ resulting in retention of the 
maternal epigenotype across the whole region. In 
AS patients, deletions map upstream of the 
SJVJ^PAT promoter^ in the region of the recently 
discovered paternal-specific exons of SNRPN, 
termed the BD exons. It has been proposed that 
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the AS deletions remove these 5'transcripts which 
act as czs-imprintors of the AS gene, thus prevent- 
ing germline resetting, resulting in a paternal epi- 
genotype. 

26 . 4.3 

Beckwith-Wiedemann Syndrome^ 

Beckwith-Wiedemann Syndrome (BWS) is an im- 
printed fetal overgrowth disorder associated with 
multiorgan hyperplasia and childhood tumours 
which is linked to chromosome llpl5.5. This re- 
gion of chromosome 11 includes a cluster of im- 
printed genes listed in Table 1. Two genes in the 
region are known to be associated with BWS: 
IGF2, a paternally expressed growth factor and 
p57KiP2^ a maternally expressed negative regulator 
of the cell cycle. BWS can be caused by paternally 
derived duplications of lip 15 and paternal UPD 
for chromosome 11 (which is usually partial, but 
always includes the llpl5.5 region). BWS can also 
be inherited maternally, as a result of inversions, 
balanced translocations and breakpoints within 
llpl5.4-15.5. However, as the majority of cases 
are sporadic, with no apparent associated chro- 
mosomal anomalies, epigenetic mechanisms are 
likely to account for a large proportion of pa- 
tients. Indeed, loss of imprinting of the paternally 
expressed IGF2 gene (resulting in biallelic expres- 
sion of IGF2 and presumably a doubling in the 
amount of IGF-II protein) has now been reported 
in a number of sporadic BWS cases including 
those for which there is no identifiable chromoso- 
mal aberration. Thus, it seems that in the major- 
ity of cases, upregulation of 7GF2, either by in- 
creased dosage from a doubled paternal contribu- 
tion or by loss of imprinting, is central to devel- 
opment of BWS. In addition, maternally inherited 
P57KIP2 ji^utations have now been found in a mi- 
nority of patients (-10%). This gene encodes a 
tissue-specific cyclin-dependent kinase inhibitor 
which is a negative regulator of the cell-cycle. 
Hence, loss of function of either by pater- 

nal UPD or maternally inherited mutation is con- 
sistent with the growth enhancement associated 
with BWS. 

Further support for the involvement of these 
two genes in BWS has recently come from analy- 
sis of their function in transgenic mice. An lgf2 



transgenic mouse was generated, with increased 
lgf2 levels, and showed many of the symptoms of 
BWS, including overgrowth of specific organs, but 
it did not show exomphalos and hyperinsulinae- 
mia, conditions frequently associated with BWS. 
However, when a knock out of the gene 

was performed these mice did indeed show much 
of the missing phenotype from the Igf2 trans- 
genic mice including exomphalos and adrenal 
dysplasia. Together, these two types of mutant 
mice can account for the majority of the spec- 
trum of BWS with the exception of tumours and 
hyper insulinaemia, which may be caused by other 
linked genes within llpl5.5 such as IPL and insu- 
lin. 

26.5 

Several Approaches Have Resulted 
in the Identification of Imprinted Genes 

To date, about 24 imprinted genes have been iden- 
tified in mouse and humans and are listed in Table 
1. One of the most striking observation about the 
genes listed is that many of them reside in two 
large clusters on mouse chromosome 7 (see 
Fig. 2). These two regions share evolutionary 
homology with the human chromosome 15 PWS/ 
AS critical region and with the chromosome 11 
BWS region. It is not clear whether clustering is a 
hallmark of imprinted domains (except for Igf2Vy 
which is not in a cluster) as the focus on physical 
mapping of the disease loci has resulted in a bias 
toward the identification of imprinted genes at 
these regions. While this approach has led to the 
identification of over half of the known imprinted 
genes, other techniques have also proven success- 
ful. This is especially true in the mouse, which con- 
tinues to be an excellent experimental system for 
the identification and further functional character- 
ization of imprinted genes, as well as for direct 
analysis of the molecular mechanism of imprinting. 

26 . 5.1 

Targeted Mutagenesis of Known Genes ^ 

A number of imprinted genes were discovered fol- 
lowing the observation that mice with targeted 
mutation of these genes inherited a mutant phe- 
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notype in heterozygotes but only following trans- 
mission of the mutation from one parent. Trans- 
mission of the mutation from the other parent re- 
sulted in normal offspring. Two imprinted genes 
discovered in this way are the paternally ex- 
pressed Igf2 and maternally expressed Mash2, 
Heterozygous mice with paternal inheritance of 
the lgf2 mutation are growth-retarded, while ma- 
ternally inherited heterozygotes are normal. Het- 
erozygous mice with targeted disruption of Mash2 
after paternal inheritence were normal, while ma- 
ternal inheritence of the mutation resulted in le- 
thality due to placental failure. 

26.5.2 

Systematic Screens for Imprinted Genes 

26 . 5 . 2.1 

Restriction Landmark Genomic Scanning 
(RLGS)^ 

Parent-specific methylation is a hallmark of all 
imprinted genes tested so far. Its function in the 
regulation of imprinting is discussed later in Sec- 
tion 26.6.1. This feature of imprinted genes can 
also be used in their identification. Using the 
RLGS method, genomic DNA from reciprocal 
crosses between mouse strains is digested with 
methylation sensitive restriction enzymes such 
that cleavage at a particular site is dependent on 
the degree of methylation. Radio -labelled diges- 
tion products are separated using high resolution 
two-dimensional gel electrophoresis and differ- 
ences in resolution between reciprocal crosses 
represent parent-specific methylation differences. 
With this approach, there is a high probability of 
identifying CpG-islands associated with the 5' 
region of genes. Although the imprinted genes 
U2af-rsl and Grfl were identified using this tech- 
nique, the procedure has the disadvantage that if 
some imprinted genes are not marked by differen- 
tial methylation, they will escape detection. 

26 . 5 . 2.2 

cDNA Subtraction Hybridization* 

Using cDNAs isolated from parthenogenones or 
androgenones and equivalent stage normal em- 
bryos in a PCR-based subtractive hybridization 



screen, one can identify imprinted genes ex- 
pressed exclusively from the paternal or the ma- 
ternal genome. Kaneko-Ishino et al. used this 
technique to identify six novel imprinted genes, 
three of which have been characterized: Pegl 
(Peg: paternally expressed gene), Peg3 and Peg5. 
Maternally expressed Meg genes have also been 
identified. Meg 1/GrblO has been characterized 
and is a growth factor active in several pathways 
including those involving the insulin and insulin- 
like growth factor receptors. 

26 . 5 . 2.3 

Allelic Message Display^ 

This technique involves a differential display RT- 
PCR from two different mouse strains to identify 
imprinted genes. Comparison of the expression 
status of strain-specific polymorphic transcripts 
in the two parental strains, Fi hybrids and back- 
cross progeny, recently resulted in the isolation of 
Impact, a paternally expressed gene on chromo- 
some 18. This method has the advantage that it 
allows identification of imprinted genes in any tis- 
sue and at any developmental stage, it is indepen- 
dent of appropriate restriction enzyme sites, and 
does not require parthenogenetic or androgenetic 
material. 

26.6 

The Molecular Mechanisms of Imprinting 

The mechanism causing parental-origin specific 
gene expression must allow the transcriptional 
machinery of the cell to distinguish between two 
homologous chromosomes and differentially act 
on one or the other. The imprint is believed to be 
initiated during gametogenesis and then acted 
upon in the zygote and developing conceptus to 
affect developmental gene activity. The imprint is 
likely to be a modification to the DNA and/or to 
chromatin which must have the following proper- 
ties: (1) it must affect the transcription of the 
gene; (2) it must be heritable in somatic cells over 
many cell divisions and not lost during chromo- 
some replication. This property is known as 
maintenance; (3) most importantly, the imprints 
must be erased in the male and female germ lines 
during gametogenesis to allow new imprints to be 
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set down which are specific to the parental origin 
of the newly formed gametes* 

26 , 6,1 

DNA MethyEation Is Important for Imprinting 

There are only a few recognized mammalian ge- 
nome modifications that might fulfil the above 
criteria. By far the best studied is DNA methyla- 
tion of CpG-dinucleotideSj which is known to af- 
fect gene activity Methylation at the 5-position of 
cytosine represents a covalent modification with 
all the necessary characteristics for an imprint: it 
is s table j reversible, can be transmitted faithfully 
following replication and differentially modifies 
parental alleles. Indeed, methylation of CpG-rich 
regulatory portions of genes, for example on the 
inactive X-chromosomes in females, has long 
been known to be associated with gene inactivity 
Methylation was first implicated in imprinting fol- 
lowing the observation that certain transgenes in- 
herited a methylation pattern which was parent- 
of-origin dependent. It has since been shown that 
most imprinted genes contain regions that are dif- 
ferentially methylated on the two parental chro- 
mosomes, however, this methylation can be either 
associated with the inactive allele or with the ac- 
tive allele (Figs, 3, 4), In the cases of Igf2r and 



H/9, these methylation marks are known to be in^ 
herited from the gametes. 

The most compelling evidence for an involve- 
ment of DNA methylation in at least the mainte- 
nance of imprinting was provided by targeted 
mutagenesis of DNA methyltransferase, the en- 
zyme responsible for maintenance of DNA methy- 
lation in mammals. The mutated mice showed a 
substantial reduction in genomic DNA methyla- 
tion levels, were developmentally delayed and 
died during mid- gestation. This demonstrates an 
essential role for methylation in normal mouse 
development. Furthermore, these mice showed in- 
appropriate imprinting of Igf2^ H19 and Igf2r. 
Restoration of the methylation states of non-im- 
printed genes in mutant embryonic stem cell lines 
can be achieved by transfection of a cDNA encod- 
ing the methyltransferase gene. However, it was 
only after germline passage of these cells that ap- 
propriate imprinting was restored. These results 
prove that methylation is crucial to the mainte- 
nance of the imprinting state and suggest that 
germline methylation may also be involved in set- 
ting up the initial gametic imprints. 

In most cases, DNA methylation is associated 
with gene inactivity In contrast, for the imprinted 
Igf2 and the gene for one of its receptors, Igf2rj a 
discrete region of methylation is found on the 
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Fig. 4. Enhancer competition at the Igf2/Hl9 locus. Mouse 
Igf2/Hl9 locus consisting of Igf2 and H19 separated by ap- 
proximately 90-kb, When either gene is active it is rep re- 
sented by a grey box and when either gene is repressed it is 
represented by a hatched box* As for Fig. 3, regions of 
methylation at CpG islands are depicted as circles and when 

expressed allele. In the methyltransferase mutant, 
both these genes are inactive when unmethylated. 
For Igf2r on mouse chromosome 17, two CpG-is- 
lands are regions of parent-specific methylation 
{see Fig. 3). Region 1 , the CpG- rich promoter of 
Igf2r^ becomes methylated on the inactive paternal 
chromosome during embryonic development. Re- 
gion 2 is contained in the second intron of the 
gene and inherits a methylation mark on the mater- 
nal chromosome which is first evident in the female 
gamete. When unm ethylated, region 2 on the re- 
pressed paternal allele produces an antisense tran- 
script and, in its absence, the paternal Igf2r allele is 
active. Region 2 is therefore a cfs-acting repressor 
of the paternal Igf2r promoter. Hence, on the ma- 
ternal chromosome a germline methylation signal 
at region 2 correlates with repression of the mater- 
nal antisense transcript and activity from the ma- 
ternal unmethylated Igf2r promoter. Whether the 
antisense activity alone is required for paternal 
promoter inactivity or whether the embryonic pro- 
moter methylation also needs to occur, remains to 
he shown. This example of expression competition 
may be a hallmark of imprinted genes, as a similar 
effect is seen when examining the methylation and 
expression at the Igf2/H19 locus. 




black are fully methylatedi when dark grey represent partial 
methylation (>50%) and when light grey represent low 
levels of methylation (<50%). The curved arrows depict the 
direction of the interaction between the enhancers and the 
Igf2 or H19 promoters 



Igf2 and H19 are 90-kb apart and are at the 3' 
end of a large cluster of imprinted genes encom- 
passing about 1 Mb on mouse chromosome 7 
(Table 1 and Figs, 2,4). These two genes show 
overlapping patterns of developmental expression 
and are reciprocally imprinted with the paternal 
allele of lgf2 being active and H19 being mater- 
nally expressed. For lgf2, the active paternal allele 
shows increased methylation compared to the ma- 
ternal chromosome in two regions, one upstream 
of and one internal to the gene. The maternal 
chromosome also shows partial methylation at 
these sites and both alleles are methylated in 
germ cells. The function of these regions, if any, 
is not known, but it is possible that when methy- 
lated they prevent binding of repressor proteins, 
thus facilitating expression from the methylated 
allele. For HI 9^ allele- specific methylation occurs 
in two regions also. The promoter is unmethy- 
lated on the active maternal allele and methylated 
on the inactive paternal chromosome. This pro- 
moter specific mark is not inherited from the 
male germline. However, a region further 5' also 
shows parent-specific differential methylation 
which is inherited from the sperm. Hence, this re- 
gion which is adjacent to repetitive sequences (see 
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below) may contribute to, or indeed be, the germ- 
line imprint signal. 

26.6.2 

Regional Controlling Elements 

and "Expression Competition" Regulate Imprinting 

Through analysis of the regions responsible for 
controlling the activity of H19 and Igf2, it has 
been shown that they share enhancers located 
downstream of H19. Targeted mutagenesis of 
these enhancers not only results in reduced ex- 
pression of H19 upon maternal inheritance, but 
also reduced expression of Igf2 upon paternal in- 
heritance. This suggests that there is competition 
between the two genes for these enhancers and 
that when the paternal H19 promoter is methy- 
lated, they act on the adjacent Igf2 gene (see 
Fig. 4). It is more difficult to imagine how this 
enhancer competition model would work on the 
maternal chromosome where H19 is exclusively 
expressed and there is no clear gametic methyla- 
tion mark. On this chromosome, proximity/loca- 
tion of the enhancers relative to the H19 promo- 
ter may govern its preferred action on H19, Re- 
cent transgenic experiments in which the enhanc- 
ers are relocated closer to Igf2 have shown that 
the maternal inactive Igf2 allele can be activated 
and H19 downregulated. Thus relative enhancer 
location does play a role in Igf2 inactivity/ff 19 ac- 
tivity on the normal maternal allele. However, this 
cannot be the whole story. Both Igf2 and H19 ac- 
tivity is evident after transfection of an unmodi- 
fied yeast artifical chromosome (YAC) containing 
the Igf2/H19 locus including enhancers. While 
this suggests that epigenetic modification is also 
required for maternal Igf2 silencing, this cannot 
be DNA methylation because in DNA methyl- 
transferase mutants, absence of methylation 
causes biallelic inactivity of Igf2, This raises the 
possibility that chromatin structural modifica- 
tions have a role to play in imprinting this locus; 
modifications not occurring in the YAC transfec- 
tion experiments. 



26.6.3 

Chromatin Effects in Imprinted Domains 

26.6.3.1 

Evidence for Parental Differences 
in Chromatin Structure 

Three other lines of evidence have implicated 
chromatin structural effects in imprinted do- 
mains. These are replication asynchrony, the dif- 
fering rates of meiotic recombination on im- 
printed maternal and paternal chromosomes and 
differences in nuclease accessibility of chromatin 
on the two parental chromosomes in the region of 
imprinted genes. Replication asynchrony has been 
described for the BWS region on human chrllp, 
its conserved region on mouse chr7, and the 
PWS/AS region on human 15. In all these cases, a 
large paternal chromosomal domain was shown to 
replicate early, regardless of the allelic bias of the 
imprinted genes within. Furthermore, the male 
and female chromosomes in both the PWS/AS 
and Igf2-H19 regions display a much higher rate 
of meiotic exchange in males than in females un- 
like other non-imprinted regions of the genome. 
These observations suggest that genomic imprint- 
ing confers different chromatin states on the two 
parental chromosomes. Finally, analysis of the 
sensitivity of chromatin to digestion by nucleases 
gives an indication of the relative openness of the 
chromatin in particular regions. The nuclease hy- 
persensitive sites in the Igf2/H19 locus and for 
the U2afl-rsl gene have been mapped. Hypersen- 
sitivity is evident at the H19 and U2afl-rsl pro- 
moters of the active allele. Similar differences are 
not seen in the lgf2 promoter 2, where both al- 
leles show hypersensitive sites, indicating that the 
unmethylated promoter of the inactive allele may 
be open for transcription. While nuclease accessi- 
bility, meiotic exchange bias and replication asyn- 
chrony implicate both short and long-range chro- 
matin effects in imprinted gene activity, the role 
of chromatin structure in imprinting remains to 
be further elucidated. 

26.6.3.2 

Histone Acetylation on Parental Chromatin 

Acetylation of core histones is one of the most 
frequent and now most extensively studied post- 
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translational chromatin modifications. Histone 
acetylation is involved in a variety of cellular pro- 
cesses including nucleosome assembly and tran- 
scriptional competence. It seems likely that this 
modification acts to regulate the unfolding of 
chromatin and activity of genes. Several lines of 
evidence have suggested that it is the potential for 
gene activity rather than the transcriptional pro- 
cess itself that is associated with histone hyper- 
acetylation. Thus, histone acetylation is an excel- 
lent candidate for an epigenetic modification that 
marks chromatin in imprinted domains. More re- 
cent work has also shown that localised recruit- 
ment of the histone deacetylases can modulate 
transcriptional repression. This implies that, at 
least for some situations, transcriptional regula- 
tion may involve changes in histone acetylation. 
Furthermore, evidence is emerging that methy- 
lated DNA may play a role in recruiting histone 
deacetylase and provides a link between acetyla- 
tion and methylation. Hyper- and hypoacetylated 
genomic regions are being identified using anti- 
bodies against specific acetylated lysines of his- 
tone H4 and chromatin immunoprecipitation 
techniques. This approach has been applied to the 
Igf2/H19 imprinted region and results show that 
there are differences in acetylation along the 
90 -kb domain, some of which correlate with 
known regulatory regions. Furthermore, parent- 
specific acetylation is not a feature of the whole 
domain but is highly localised to the active pro- 
moters with hyperacetylation correlating with the 
active alleles. These findings suggest that histone 
acetylation is involved in parental-origin specific 
chromatin modification in imprinted domains. 

26.6.3.3 

Many Imprinted Genes Contain 
Repetitive Sequences 

Simple sequence direct repeats have been noted 
within or adjacent to differentially methylated re- 
gions of several imprinted genes. They do not 
share obvious homology with each other or to 
other common mammalian repeats. These repeats 
are usually found in tandem arrays (ranging from 
15 to 116 direct repeats) within the CpG islands. 
A suggestion that these repeats may have some 
function in the imprinting process comes from 



comparison of U2afl-rsl and its unimprinted 
homologue U2afl-rs2. The only difference be- 
tween the two genes is the presence of repeats in 
the 5'UTR unique to U2afl-rsl. Perhaps these 
may represent the signal necessary for the im- 
printing of the gene. It is likely that the addi- 
tional regulation supplied by methylation acts to 
stably maintain this gene in a repressed state. 

Repetitive sequences have recently been shown 
to cause silencing in mice when inserted as multi- 
copy transgenes. Thus, it is possible that a similar 
mechanism exists in imprinted genes to silence 
one allele possibly by inducing chromatin con- 
densation leading to the formation of heterochro- 
matin, as has been shown in Drosophila. Stronger 
evidence in support of this hypothesis comes 
from a study by Lyko et al., who have made trans- 
genic Drosophila partially harbouring a mouse 
H19 repeat-containing domain (usually methy- 
lated on the inactive allele). The transgene acted 
as a silencer element in flies even in the absence 
of DNA methylation {Drosophila do not methylate 
their DNA). While the function of these repeats 
remains speculative, there is no doubt that DNA 
methylation, perhaps in association with chroma- 
tin modifications, functions in the mechanism of 
imprinting. 

26.7 

Outlook 

As more imprinted genes are being discovered 
and allelic modifications associated with them are 
being characterized, we can start to understand 
both the developmental role and the mechanisms 
of genomic imprinting. This should also provide 
insight into why this remarkable process of tran- 
scriptional regulation evolved in the first place. 
The evolution of imprinting has been the subject 
of extensive speculation and has not been covered 
in this chapter. Several theories have been pro- 
posed including Haig’s parent-offspring conflict 
hypothesis. Haig has proposed that a genomic 
conflict has evolved between the father’s need to 
optimize the repoductive fitness of his offspring 
(hence growth enhancement) and the mother’s re- 
quirement for conservation of resources to bear 
many future litters (hence growth restriction). 
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Growth effects are a recurrent theme in the 
analysis of defects caused by imprinted genes. 
Many of the imprinted genes identified to date 
have roles to play in the regulation of embryonic 
growth. As data emerge about functional relation- 
ships between these growth regulators, it is seems 
that, for some genes at least, they represent differ- 
ent components of shared pathways (e.g., Igf2y 
Igf2r, Megl/GrblO), In addition, individual im- 
printed genes have roles to play in different path- 
ways. For example, the skeletal dysmorphology 
evident in androgenetic chimaeras can be rescued 
by mutating the Igf2 gene, proving that excess 
Igf2 plays a role in this dysmorphology. Because 
paternal UPD7 embryos do not exhibit this defect, 
an unlinked imprinted gene(s) other than Igf2 
must also be involved in this pathway. 

The use of mouse mutant models in under- 
standing the aetiology of imprinted disorders 
continues to be of value. However, the story may 
be quite a complex one. Some genes are showing 
imprinting in only a subset of tissues (e.g., ins-2 
and KVLQTl). In addition, genes imprinted in the 
mouse may not necessarily be imprinted in man 
(e.g., Igf2r). Nonetheless, UPD embryos and 
transgenic and knock-out mice are illuminating 
the functions of clustered and individual im- 
printed genes in particular developmental path- 
ways, particularly those associated with growth 
control. Hopefully, in the near future, modified 
functions of neural-specific imprinted genes will 
be attributed to behavioural and other brain de- 
fects causing the phenotypes observed in neuro- 
logical imprinted diseases. 

Now that the regulatory elements and allelic 
modifications of imprinted genes are being char- 
acterised, questions about the molecular mecha- 
nisms regulating genomic imprinting can be ad- 
dressed. While DNA methylation has been shown 
to be essential in the maintenance of imprinting, 
we await more direct proof that the observed 
germline-specific methylation is the essential ga- 
metic imprinting mark. For example, at the Igf2r 
locus, the methylation signal is conserved in 
mouse and man but the imprinting status is not: 
human IGF2R is only imprinted in a minority of 
the population. In this case, it would appear that 
methylation is not sufficient for imprinting. 
Further studies will also illuminate the function 



of modifications to chromatin (such as histone 
acetylation), their effects on chromatin structure 
and their significance, if any, in imprinted gene 
regulation. Analysis of both experimentally gener- 
ated and genetiplly inherited imprinting mutants 
in mouse and rpan has shown that an imprint can 
be disrupted iii several ways. While this has not 
yet provided a single model on how an imprint is 
built, it has indicated that the imprint depends on 
both short- and long-range ds-acting signals. 

One should bear in mind that chromatin struc- 
ture and DNA jnethylation are also factors affect- 
ing the expression of non-imprinted genes. It 
could be argued that the only special feature of 
imprinted gene$ is the parental-origin specific na- 
ture of their expression. For most non-imprinted 
genes we do npt actually know whether there is 
allelic bias in t$eir activity. Such a bias might de- 
pend on genetic background and/or differences 
between the male and female germlines in how 
genetic material is modified and packaged. Evi- 
dence is emerging that some genes are partially 
imprinted with preferential expression of one par- 
ental allele over another. It is not known whether 
this bias is a result of regional modifications 
spreading front fully imprinted genes to exert a 
weak affect on their neighbours. In any case, it is 
interesting to cqnsider whether allelic bias is a ge- 
nome-wide effect and if so, whether any parental- 
origin effects in this bias exist. If this type of epi- 
genetic control is commonplace, it could have 
profound implications when correlating genotype 
with phenotype and might explain the wide-rang- 
ing clinical variations in penetrance and expres- 
sivity of some genetic disease. 

26.8 

Summary 

Genomic imprinting plays a significant role in 
mammalian development and human disease. The 
fact that the twP parental genomes contribute dif- 
ferent functions to the developing embryo adds a 
new dimensioit to our knowledge of Mendelian 
inheritance. Imprinting explains why both paren- 
tal genomes are required for normal mammalian 
development. Spme human diseases are caused by 
abnormal imprinting and can be the result of epi- 
genetic mutations affecting gene regulation rather 
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than mutations in the coding sequences of the 
genes responsible. Indeed, imprinting has contrib- 
uted to our understanding of the importance of 
appropriate epigenetic modification, particularly 
in clinical situations (such as some cancers), 
where epigenetic controls have gone awry. The 
mechanisms of imprinting are complex and in- 
volve epigenetic modification at several levels, 
however, many of these modifications are in- 
volved in the regulation of non-imprinted genes, 
too. Imprinting therefore provides a good com- 
parative experimental system to study epigenetic 
events in gene control, because of the allelic na- 
ture of these modifications. 

It is estimated that only about 10% of im- 
printed genes have been identified. It is clear 
from studying uniparental disomy embryos, that a 
large proportion of imprinted genes function to 
regulate embryonic growth. Analysis of the im- 
printed genes identified to date, attributes a 
growth-related function to around half of them. A 
significant proportion of the remainder have neu- 
rological function. Perhaps, as more imprinted 
genes are identified, patterns will emerge provid- 
ing clues to why this remarkable process evolved. 
In the meantime, their study should further illu- 
minate several important biological pathways. 
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27 Myogenesis 

Michael A. Rudnicki 



27.1 

Introduction 

The development of skeletal muscle in mammals 
provides a powerful system with which to study 
the molecular regulation of the genesis, growth 
and differentiation of a particular embryonic line- 
age, The embryonic origin of myogenic precur- 
sorsj their migration^ proliferation and differen- 
tiation, are all issues under investigation, Myo- 
genesis has also proved to be fertile ground for 
the study of the molecular regulation of gene ex- 
pression by transcription factors, how transcrip- 
tion factor activity is regulated by signalling path- 
ways, and through the cell cycle. Gene targeting 
in mice has allowed a genetic dissection of these 
regulatory pathways and illuminated the roles 
played by the MyoD family of transcription fac- 
tors in myogenesis. 



27.1.1 

The Embryonic Origin of Skeletal Muscle^ 

Vertebrate skeletal muscle is derived from multi- 
potential mesodermal cells. In the trunk, struc- 
tures called somites give rise to committed myo- 
genic precursor cells. Somites arise as spherical 
condensations of mesoderm on either side of the 
neural tube (Fig, 1), The ventral portion of the so- 
mites partitions into a structure called the sclero- 
tome which gives rise to the cartilage and bone of 
the trunk. The dorsal -lateral portion of the somite 
gives rise to the dermamyotome, which partitions 
into the dermatome and myotome. The derma- 
myotome is the source of all skeletal myogenic 
precursor cells within the segmented region of the 
developing embryo and each somite gives rise to 
between 30 and 100 migratory myogenic precur- 
sor cells. 

Different portions of the dermamyotome gives 
rise to anatomically distinct regions of muscula- 
ture (Fig, 1), Epaxial musculature (e,g„ paraspinal 



Fig, 1, Somites are the source of all skeletal 
muscle within the body proper. Shown is a 
schematic representation of a day- 10,5 mouse 
embryo thoracic somite. The dorsal myotome is 
believed to be derived from the anterior margin 
of the dorsal dermamyotome and gives rise to 
back muscle. The ventral dermamyotome is the 
source of the ventral myotome which, together 
with the epithelial somitic bud, gives rise to ab- 
dominal and limb muscle, NT neural tube; 

NC notochord; ST sclerotome. A anterior; 

P posterior; D dorsal; V ventral, ilrrows denote 
myogenic determination 




ventral dermamyotom 
epithelial somitic bud 
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muscles) is derived from the dorsal portion of the 
dermamyotome. Hyp axial musculature (limb and 
abdominal wall muscles) is formed by myogenic 
precursors that are derived from the ventral por- 
tion of the dermamyotome. 

27.1.2 

The Embryonic Induction of Myogenesis^ 

The molecular mechanisms leading to the deter- 
mination of an uncommitted progenitor cell to 
the myogenic lineage during development has re- 
mained a central problem in myogenesis. How- 
ever, several upstream signalling pathways have 
been implicated as positively or negatively affect- 
ing myogenic determination. For example, sonic 
hedgehog (Shh) expressed in the floor plate and 
the notocord, and Wnt family members expressed 
in the dorsal neural tube, combinatorially activate 
myogenesis in the somite. Wnts positively stimu- 
late myogenesis in the somite whereas Shh is be- 
lieved to activate Noggin expression in the dorsal 
somite, and Noggin inhibits the negative activity 
of lateral plate-derived BMP 4 on myogenesis. 
Notch signalling pathways also appear to exert 
negative effects on myogenesis. Although these 
pathways have been demonstrated to exert effects 
on the timing and patterning of myogenesis, the 
molecular mechanisms that regulate myogenic 
determination at the transcriptional level remain 
unknown. 

27.1.3 

Myogenesis in Limb Buds^'^ 

Myogenic precursors migrating into the limb ex- 
press Pax-3y a paired box transcription factor, but 
do not express myogenic markers until well after 
arriving in the limb bud. Myogenic precursors fail 
to migrate in Pax-3-/- or Splotch embryos result- 
ing in limbs without muscle. Pax-3 expressing 
myogenic cells are believed to be determined (i.e., 
monopotential) because in avian grafting expri- 
ments as well as in vitro studies, these cells pri- 
marily differentiate into muscle. 

Morphological studies and quail-chick trans- 
plantation experiments have led to the hypothesis 
that skeletal muscle of the body proper and the 



limbs is derived from myogenic precursor cells 
that are determined exclusively in the somite. 
However, an alternative hypothesis can be consid- 
ered in which myogenic determination occurs 
after the migratory cells arrive in the limb. For 
example, the developing limb bud can be argued 
to form a secohdary axis in which many of the 
morphogens and regulators of pattern formation 
that act axially, are similarly expressed and pre- 
sumably exert similar effects. For example, Shh is 
expressed in the zone of polarizing activity (ZPA) 
of the early limb bud, Wnt 7a is expressed in the 
dorsal limb ectoderm, and Bmps, Fgfs, and other 
signalling molecules display specific expression 
patterns in the developing limb. Taken together, 
these data are Consistent with the notion that the 
cells within the developing limb bud undergo ex- 
tensive inductive interactions to generate the vari- 
ety of mesenchymal derivatives found in the limb. 

27.1.4 

Different Embryonic Lineages Contribute 
to Muscle 

The distinct epibryonic origins of epaxial and 
hypaxial muscililature led to the suggestion that 
these different groupings of musculature may be 
formed by difjferent myogenic lineages. In the 
mouse, primary myofibers develop first at 8.5 
days of gestation, followed by secondary myofi- 
bers around day 14. In chickens, primary and sec- 
ondary fibers give rise to slow-twitch and fast- 
twitch fibers, respectively, that express distinct 
isoforms of muscle proteins (see below). The 
unique characteristics of primary versus second- 
ary myofibers has similarly led to the suggestion 
that they are also formed from distinct myogenic 
lineages. Lastly, satellite cells, the stem cell of 
adult skeletal muscle arise around day 17 of 
mouse development and are also believed to re- 
present an additional myogenic lineage. 

Fast-twitch |type I) and slow-twitch (type II) 
fibers differ in their mechanical properties and 
each expresses distinctive isoforms of contractile 
proteins which are used to classify the different 
subtypes. Different subpopulations of primary 
myoblasts forn| both fast-twitch and slow-twitch 
fiber types, whereas secondary myoblasts are ini- 
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tially homogeneous but form different fiber types 
depending on environment. At later times, fiber- 
type phenotype appears governed by muscle ac- 
tivity and innervation. These data have led to the 
hypothesis that distinct lineages of embryonic 
myogenic precursors potentially give rise to type I 
and type II myofibers. 

27.2 

The MyoD Family of Regulatory Factors 

The myogenic regulatory factors (MRFs) form a 
group of basic helix-loop-helix (bHLH) transcrip- 
tion factors whose biology describes a paradigm 
in which genetic switches control the fate of an 
entire cell lineage. In vertebrates, the MRF family 
consists of MyoD, Myf-5, myogenin, and MRF 4, 
The MyoD gene was the first of the MRF family 
identified and was cloned by screening subtracted 
myoblast-specific libraries in expression vectors 
for cDNAs that would convert cultured fibroblasts 
into skeletal myocytes. The remaining MRFs were 
cloned by similar functional screens and by re- 
covering cDNAs with homology to MyoD. 

27.2.1 

yWyoD-Family Expression Suggests 
a Functional Classification^'^ 

The detection of MyoD-family mRNA expression 
by in situ hybridization revealed sequential induc- 
tion of transcription during the mouse develop- 
ment. Myf-5 mRNA is first detected in somites on 
day 8 of gestation, and is downregulated after day 
14. Myogenin mRNA appears on day 8.5 and is 
expressed throughout fetal development. MRF 4 
mRNA appears transiently on days 10 and 11, and 
is reexpressed at day 16 to become the most 
abundant after birth. Finally, MyoD mRNA ap- 
pears around day 10.5, and is expressed thereafter 
throughout development. In the developing limb 
bud, Myf-5 and MyoD mRNAs are first expressed 
at day 10, myogenin is expressed after day 10.5, 
and MRF 4 after day 16. 

Immunohistochemical detection of the four 
MRF proteins during somite formation reveals 
that the dermamyotome is divided into two sub- 
domains as defined by Myf-5-dependent and 



MyoD-dependent programs. For example, in fore- 
limb somites the Myf-5 -dependent program is in- 
itiated by the appearance of Myf-5 protein in the 
dorsal-anterior cells of the somites prior to for- 
mation of the dermamyotome on day 8 of gesta- 
tion. Myogenin is expressed 2-4 h later, and 
MRF 4 protein appears about 12 h later. The 
MyoD-dependent program is initiated by the ap- 
pearance of MyoD protein in a few cells in the 
ventral portion on day 9.5, which by day 11.5 
spread throughout the dermamyotome with high- 
er levels expressed in the ventral portion. By day 
9.5, myogenin protein is expressed throughout the 
myotome in all myocytes, whereas MRF 4 protein 
is expressed in fewer cells, primarily in the dorsal 
subdomain. Importantly, in the early dermamyo- 
tome, Myf-5 and MyoD expression appears to be 
mutually exclusive. However, at later times Myf-5 
and MyoD are coexpressed. These results support 
the hypothesis that the Myf-5 and MyoD express- 
ing subdomains of the dermamyotome form the 
origins of the lineages proposed to give rise to 
back musculature versus abdominal wall and limb 
musculature. 

The seemingly complex expression patterns of 
the MyoD-family are most likely a consequence of 
successive waves of myogenic differentiation. 
Myoblast cell lines express Myf-5 and/or MyoD 
mRNA before and after differentiation, whereas 
myogenin mRNA is expressed upon myotube fu- 
sion, and MRF 4 mRNA is expressed several days 
after fusion. Hence, on this basis the MRFs can 
be divided into two functional groups, Myf-5 and 
MyoD as primary factors, expressed before and 
after differentiation, and myogenin and MRF 4 as 
secondary factors, expressed during and after dif- 
ferentiation (Fig. 2). 



27.2.2 

Relatedness of the Primary and Secondary 
Myogenic Regulatory Factors^ 

Consideration of chromosomal location and se- 
quence similarities provides useful insights into 
the evolutionary relatedness and subgrouping 
within the MRF family. The similarities in gene 
structure and amino-acid sequence strongly sug- 
gest that the vertebrate genes were derived from a 
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Primary MRFs Secondary MBPS 




Fig. 2. Premyogenic cells are converted into determined 
skeletal myoblasts by expression of the primary MRFsj Myf- 
5 or MyoR The secondary MRFs^ myogenin and MJ?F4 are 
activated during differentiation and function to regulate the 
expression of genes induced during and after myotube 
fusion 

common ancestor by gene duplication events. 
Moreoverj degrees of homology and chromosomal 
locations are analogous between disparate verte- 
brates such as XenopuSi avian, and human, sug- 
gesting that the duplications occurred before or 
early during the radiation of the vertebrata. 

In mice, myogenin is located on chromosome 
1, MyoD on chromosome 7, and Myf-5 and MRF4 
are about 6 kb apart on chromosome 10. Phyloge- 
netic analysis of amino-acid sequences of the 
mouse MRFs suggests the following relationships 
among the MRFs: Myf-5 and MyoD are more sim- 
ilar to one another than either is to myogenin or 
to MRF4. Similarly, myogenin and MRF4 are 
more related to one another than to either Myf-5 
or MyoD. Therefore, these relationships suggest 
an evolutionary scheme by which the family ar- 
ose. Myf-5 appears to represent the ancestral gene 
of the family, MRF4 arose from Myf-6 by gene 
duplication at the same locus, myogenin arose 
from MRF4 after a gene duplication event to a 
second chromosome and, finally, MyoD arose 
from Myf-5 after a gene duplication event to a 
third chromosome. Therefore, phylogeny and 
chromosomal location support the notion that the 
MRF family falls into two subgroups that arose 
through evolution by successive gene duplication 
events. 

273 

The MyoD Family 

Are bHLH Transcription Factors 

The MRF proteins contain a highly conserved ba- 
sic helix-loop^helix (bHLH) domain. The basic 
domain binds the so-called E-box, a DNA motif 



which contains the core sequence CANNTG. This 
DNA motif is present in the promoters of many 
skeletal muscle- specific genes, and deletion of this 
elem ent abr o gakes skeletal mus cl e-s peci fic tran - 
script ion in transient assays. The HLH domain 
mediates dimerization with other HLH -containing 
proteins. The M|RF genes are exclusively expressed 
in skeletal muscle, and forcing their expression in 
a wide range of cell types induces the skeletal 
muscle differentiation program. Thus, these tran- 
scription factors are thought to play key regula- 
tory roles in th^ development of the skeletal mus- 
cle lineage. 



27.3.1 . 

Dimerization Is Required 
for AfyoD-Family Fyoction^^^^^ 

The MyoD famjly do not form homo dimers (e.g., 
MyoD: MyoD) and do not form heterodimers be- 
tween MRFs, but rather are found as heterodimers 
with other widely expressed bHLH factors. MyoD- 
family members efficiently form heterodimers 
with products of the ubiquitously expressed E2-2 
(ITF2) and E2-5 (E12, E47, ITFl) bHLH genes. 
Although the E 12-MyoD heterodimer is the major 
species found iili myotube extracts, it is the E2-5- 
MRF heterodimters that most efficiently transacti- 
vate muscle-specific transcription of E-box-con- 
taining muscle gene promoters. Therefore, it is pos- 
sible that particular MRFs dimerized with different 
E2 factors have distinct biological activities. 

The MRFs are believed to be negatively regu- 
lated by the Id HLH proteins which lack a basic 
DNA-binding domain. The Id factors consequently 
inhibit MRF activity by acting in a dominant neg- 
ative manner to block transcription. Id factors 
heterodimerize with E2-5 products, preventing 
their heterodimerization with MRFs and subse- 
quent activation of skeletal muscle-specific genes. 
Id factors are encoded by at least four different 
genes, named Idl, Id 2, Id3 and Id 4, whose activ- 
ities in development remain to be elucidated. Sig- 
nificantly, Id factors are expressed in cultured 
proliferating myoblast cell lines, and Idl expres- 
sion appears to precede MRF expression during 
mouse embryonic development, suggesting an 
early role for these factors. 
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27.3.2 

Mitogens Regulate M/oD-Family Activity 

A number of mitogenic growth factors, including 
fibroblast growth factors (FGFs), platelet-derived 
growth factor (PDGF), insulin-like growth factors 
(IGFs), inhibit the in vitro differentiation of myo- 
blasts and appear to downregulate MRF activity 
via a mechanism independent of dimerization 
and DNA binding. Importantly, signalling path- 
ways downstream of the G-protein Ras play an ac- 
tive role in this pathway. Forced expression of a 
constitutively activated Ras (p21 Val) similarly in- 
hibits myogenic differentiation and MRF activity. 
Other signalling pathways are also involved in 
regulating MRF activity. The MRFs are negatively 
regulated by phosphorylation of specific residues. 
For example, as a result of FGF-induced signal- 
ling, protein kinase C (PKC) phosphorylates sev- 
eral residues and most importantly threonine 87 
in the basic DNA-binding domain of myogenin, 
producing a marked decrease in DNA binding. 
Protein kinase A (PKA) also negatively regulates 
Myf-5 and MyoD activity by decreasing the abil- 
ity of bound transcription factor to initiate tran- 
scription. Cell proliferation and differentiation are 
coupled by the mutually negative regulatory effect 
of c-Fos/c-Jun on MyoD transcription in myo- 
blasts, and MyoD on c-Fos transcription after dif- 
ferentiation. 

27.3.3 

The MEF2 Family of Transcription Factors 

An additional class of transcription factors, bind- 
ing the so-called myocyte enhancer-factor 2 
(MEF2) site, are believed to play an important 
regulatory role in the control muscle-specific gene 
transcription. MEF2 sites are found in the promo- 
ters of many muscle-specific genes including 
myogenin suggesting the MRFs and MEFs form 
an autoregulatory network. There exist at least 
four MEF2 genes in vertebrates, each of which 
is subject to extensive alternatively splicing. 
MEF2Ay MEF2By and MEF2D are expressed ubi- 
quitously, whereas MEF2C is restricted to muscle, 
brain, and spleen. 

Transfection experiments have indicated that 
MEF2 proteins bind cooperatively with MyoD to 



synergistically activate E-box and MEF2- site- con- 
taining promoters. However, while MEF2D is ex- 
pressed in C2 myoblasts, MEF2Ay MEF2By and 
MEF2C are not expressed until after differentia- 
tion. Moreover, during somitogenesis, MEF2 gene 
expression follows myogenin expression. Thus, 
MEF2 proteins likely act as differentiation factors 
during skeletal myogenesis, for example, as cofac- 
tors that synergize with the MRFs to achieve 
regulated muscle-specific expression. 



27.3.4 

The Rb Family and Myogenesis 

The MyoD family is subject to regulation that acts 
to couple MRF activity to the cell cycle. Impor- 
tant in this regulation is the role played by the re- 
tinoblastoma families of cell cycle control proteins 
consisting of Rb, pl07, and pl30. Hypophos- 
phorylated Rb is believed to bind MyoD, and this 
association is necessary for MyoD-mediated acti- 
vation of E-box-containing muscle-specific pro- 
moters. Cyclin-dependent kinases (Cdks) differen- 
tially regulate the phosphorylation of Rb, pl07, 
and pl30 during the cell cycle. Consequently, dif- 
ferent Rb-family members are hypophosphory- 
lated during different phases of the cell cycle al- 
lowing the formation of complexes that contain 
specific E2F transcription factors. The E2F fami- 
ly of transcription factors is encoded by multiple 
genes and can activate or repress the transcrip- 
tion of many different genes involved in regulat- 
ing cell growth. 

Distinct E2F complexes are observed in myo- 
blasts versus myocytes. Myoblasts contain free 
E2F as well as E2F complexed with pl07 and to 
a lesser degree p 130, but not Rb, whereas differ- 
entiated myocytes primarily contain E2F com- 
plexed with pl30, but not pl07 or Rb. Moreover, 
during muscle differentiation, Rb levels increase 
about ten fold, p 107 levels decrease to below the 
limit of detection, and pl30 levels remain about 
the same. Furthermore, unlike normal muscle, 
myotubes lacking Rb exhibit increased levels of 
pl07 and their terminal differentiation is revers- 
ible by exposure to serum. The cyclin-dependent 
kinase Cdk4 acts to inhibit the differentiation-in- 
ducing activity of MyoD possibly by phosphoryla- 
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Fig. 3. The activity' of the MyoD family is coupled to cell- 
cycle control In proliferating myoblasts, activated cydin- 
dependent kinases {Cdk4) inhibits MyoD activity. In differ- 
entiated myo cy tesi v^'ithdravral from the cell cyde is main- 
tained by a positive feedback loop in which high p21 and 
Rb expression prevents reentry into the cell cycle. Pointed 
arrows denote positive whereas blunt arrows denote nega- 
tive regulatory relationships 




Muftcles 



Fig* 4. The MyoD fktnily defines discrete myogenic lineages 
in the developmer t of skeletal muscle. Premyogenic cells 
are converted into determined monopotential skeletal myo- 
blasts by the expression of Myf-5 or MyoD. The induction 
of Myf-5 and MyoD activates a set or genes that define 
myoblast identity. Myogenin and MRF4 are activated dur- 
ing differentiation and function to regulate the expression 
of genes induced during and after myotube fusion. The 
subdomains of the dermamyotome form the origins of the 
myogenic lineages that give rise to back musculature versus 
abdominal wall and limb musculature 



tiorij whereas MyoD expression in differentiated 
and arrested cells inhibits Cdk4 activity by induc- 
tion of p21 expression. In addition, the negative 
regulator of MyoD expressed in myoblasts called 
Id (see Sect 27.3.1 above), binds hypophosphory- 
lated Rb via a pocket-region :HLH -domain inter- 
action, and this interaction inhibits the growth- 
suppressing properties of Rb. Lastly, levels of Rb 
increase tenfold during myoblast differentiation 
and MyoD expression activates Rb transcription 
via a pathway that does not require DNA binding. 
Taken together, these data suggest the Rb family 
may function directly or indirectly to couple the 
activity of the myogenic transcription factors to 
the celt-cycle regulatory network (Fig. 3). 

27;4 

The Function of the MyoD Family 
During Embryogenesis 

Gene targeting experiments have yielded consid^ 
erable insight into the potential functional overlap 
and indispensability of these factors. The intro- 



duction of null mutations in My/-5, MyoD, myo- 
genin^ and MRJp4 into the germlioe of mice has 
revealed the Merarchical relationships existing 
among the MRFs, and established that functional 
redundancy is a feature of the MRF regulatory 
network (Fig. 4). These observations argue that 
the MyoD-family forms a two-tiered system that 
acts to regulate the determination and differentia- 
tion of skeletal-muscle progenitor cells. 

27AA 

Myf-5 and MyoD Are Determinatioti Factors*' 

Homozygous MyoD-mutant mice (designated 
MyoD-/-) are viable and fertile and display no 
gross abnormalities in skeletal muscle. Northern 
analysis indicated no changes in the levels of 
myogenin or MRF 4 mRNAs but the level of MyoD 
mRNA was half that of wild type in MyoD+/- 
skeletal muscle, and was absent in MyoD-/- skele- 
tal muscle. Nujclease SI analysis with exon I 
probes revealed a low level of Myf-5 mRNA in 
neonatal wild-type mice, that increased 1. 8-fold in 
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MyoD+/-y and 3.5-fold in MyoD-/- mice. These 
results suggest that Myf-5 expression is normally 
suppressed by MyoD, Moreover, this regulation 
appears dosage-dependent, as heterozygous mu- 
tant mice show an amount of Myf-5 mRNA inter- 
mediate between wild-type and MyoD-/- mice. 

Like MyoD-/- mice, extensive histological and 
Northern analysis of newborn Myf-5-/- animals 
did not reveal abnormalities in skeletal muscle. 
However, unlike MyoD-/- animals, mice lacking a 
functional Myf-5 gene die after birth due to se- 
vere rib abnormalities that prevent normal respi- 
ration. Myf-5 is not expressed in the cells that 
give rise to the ribs, suggesting that the rib mal- 
formation is an indirect consequence of the muta- 
tion. 

In Myf-5-/- mice, muscle development is de- 
layed until the MyoD is upregulated on day 11.5 
of development. This indicates that the de novo 
induction of Myf-5 and MyoD transcription oc- 
curs independently. Lastly, embryos lacking Myf-5 
display normal somitogenesis at the morphologi- 
cal level and myogenic-precursor cells migrating 
into the limbs are present, as evidenced by appro- 
priate expression of markers like Pax-3, 

The sustained induction of Myf-5 mRNA levels 
in mice-lacking MyoD, and the delay in the onset 
of muscle-specific gene expression in mice-lack- 
ing Myf-5, raised the possibility that Myf-5 and 
MyoD functionally substitute for one another in 
muscle development. To test this hypothesis, Myf- 
5+/- and MyoD-/- mice were interbred. Newborn 
Myf-5-f- :MyoD-/- mice delivered by Cesarean 
section, initially appear alive and pink in color, 
but are completely immobile and quickly became 
cyanotic. Strikingly, newborn Myf-5 -/ — : 
MyoD-/- mice display a complete absence of skel- 
etal muscle throughout the body. The spaces 
normally occupied by skeletal muscle contain 
either amorphous loose-connective tissues or ex- 
panded areas of adipose tissue. Other organs, for 
example the heart, lungs, liver, bowel, appear 
completely normal. Immunohistochemical stain- 
ing on serial transverse sections with an antibody 
reactive to smooth- and striated-muscle a-actin 
reveal a complete absence of skeletal myocytes or 
myofibers, and staining with antibodies reactive 
with desmin reveal a complete absence of myo- 
blasts. 



In summary, taken together, these data support 
the assertion that Myf-5 and MyoD function as 
myogenic determination factors during embryo- 
genesis. However, it is important to note that 
these results do not preclude a role for Myf-5 and 
MyoD during or after differentiation. 

27.4.2 

Myogenin and MRF4 
Are Differentiation Factors 

Mice lacking a functional myogenin gene are im- 
mobile and die after birth due to deficits in skele- 
tal muscle differentiation. The muscle in mice 
lacking myogenin displays an almost complete ab- 
sence of differentiated myofibers. However, nor- 
mal numbers of myoblasts are present and these 
are organized in groups similar to wild-type mus- 
cle. Interestingly, mice lacking myogenin also dis- 
play a relatively mild rib deformity. Moreover, the 
observation that mice lacking both myogenin and 
Myf-5, or both myogenin and MyoD, are identical 
to mice lacking only myogenin, has confirmed 
that Myf-5 and MyoD act upstream of myogenin. 
These results indicate an essential in vivo role for 
myogenin in the terminal differentiation of myo- 
blasts into myotubes. 

The fourth myogenic factor, MRF4, functions 
late in the myogenic pathway, as has been implied 
by its late induction following differentiation of 
cultured myocytes. Overall, mice lacking MRF4 
function are viable, with seemingly normal mus- 
cle, and display a fourfold increase in myogenin 
expression. Taken together, these results suggest 
that MRF4 function may be substituted for by the 
presence of myogenin and that MRF4 expression 
negatively regulates myogenin. Interestingly, mice 
lacking both MyoD and MRF4 display a pheno- 
type similar to the myogenin-nuW phenotype. 
Therefore, MRF4 function may be substituted by 
the presence of myogenin, but only in the pres- 
ence of MyoD, 

27.4.3 

Analysis of MyoD-Family Mutations Supports 
the Lineage Hypothesis 

Epaxial (muscles of the deep back) and hypaxial 
(limb and abdominal wall) musculature are be- 
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lieved to have distinct origins, suggesting that 
they may be formed by different myogenic 
lineages. For example, epaxial musculature is 
formed by myogenic precursors that are derived 
from the dorsal-medial portion of the dermamyo- 
tome that first express Myf-5, whereas hypaxial 
musculature is formed by myogenic precursors 
that are derived from the ventral-lateral portion 
of the dermamyotome that first expresses MyoD 
(discussed above in Sect. 27.2.1). These data sug- 
gest that Myf-5 and MyoD have unique roles in 
the development of epaxial versus hypaxial mus- 
culature. 

A careful analysis of the temporal-spatial pat- 
terns of myogenesis in Myf-5 and MyoD- deficient 
embryos provides strong evidence for Myf-5 and 
MyoD playing such roles. Embryos lacking MyoD 
display normal development of deep back muscles 
in the body proper, whereas muscle development 
in limb buds and branchial arches is delayed by 
about 2.5 days. By contrast, embryos lacking Myf- 
5 display normal muscle development in limb 
buds and branchial arches, and markedly delayed 
development of deep back muscles. Although 
MyoD-mutant embryos exhibit delayed develop- 
ment of limb musculature, the migration of Pax- 
3-expressing cells into the limb buds and subse- 
quent induction of Myf-5 in myogenic precursors 
occurs normally. 

It is interesting to speculate that the duplica- 
tion of MyoD from Myf-5 may have allowed a 
subsequent evolutionary specialization of Myf-5 
and MyoD in the development of epaxial and hyp- 
axial musculature. Presumably, such functional 
specialization would have facilitated the develop- 
ment of jaw and limb musculature in the urochor- 
date-like ancestors of the vertebrata. In any case, 
the phenotype of Myf-5 and MyoD mutant mice 
strongly support the hypothesis that Myf-5 and 
MyoD expression defines the origins of distinct 
myogenic lineages (Fig. 4). 



27.5 

Regeneration of Skeletal Muscle 



4,19 



Satellite cells, the stem cell of adult skeletal mus- 
cle, arise around day 17 of development, and are 
thought to be a myogenic lineage distinct from 



other muscle embryonic lineages. Satellite cells re- 
side beneath the basal lamina of adult skeletal 
muscle closely juxtaposed to muscle fibers and 
make up 2-7% of the nuclei associated with a 
particular fiber. This stable class of adult stem 
cells are normally mitotically quiescent but are 
activated (i.e., enter the cell cycle) in response to 
stress induced by weight bearing or other trauma, 
such as injury. The descendants of the activated 
satellite cells called myogenic precursor cells 
(mpc) fuse to existing or new fibers, leading to 
muscle regeneration. Such proliferation generates 
progeny that remain undifferentiated, hence re- 
storing the pool of quiescent satellite cells. More- 
over, satellite cells have been suggested to have a 
very large potential for expansion (perhaps as 
much as 80 doublings) in experiments where 
muscle was subjected to repetitive cycles of in- 
jury-induced regeneration. 

Relatively little is known of the pathways regu- 
lating the quiescence, activation, and proliferation 
of satellite cells. Activation, whereby satellite cells 
cross the basal lamina and enter S-phase, can be 
induced by a large number of stimuli including 
injury, denervation, and exercise. Consequently, it 
appears that signalling through various seemingly 
disparate pathways can lead to satellite cell activa- 
tion. On the other hand, cultured satellite cells re- 
spond in vitro to growth factors in different ways, 
suggesting that these factors could be playing dif- 
ferent roles during this process. For example, 
PDGF, IL6 and LIF stimulate the proliferation of 
cultured satellite cells, bFGF stimulates prolifera- 
tion and inhibits differentiation, IGF stimulates 
proliferation and differentiation, and TGFy? inhib- 
its both proliferation and differentiation. 

Analysis of gene expression by RT-PCR of indi- 
vidual satellite cells in cultured intact muscle fi- 
bers at times following their activation confirms 
that quiescent satellite cells express no detectable 
MRFs, but do express the receptor tyrosine kinase 
c-met. Moreover, these experiments reveal that 
activated satellite cells first express either Myf-5 
or MyoD, followed soon after by coexpression of 
Myf-5 and MyoD, Following proliferation, myo- 
genin and MRP 4 are expressed in cells beginning 
their differentiation program. 

Analysis of mice lacking MyoD strongly sup- 
ports the notion that MyoD plays an early and 
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Myotube 




Fig* 5, The phenotype of My oD- deficient mice suggests a 
model in which trauma induces upregulation of MyoD in sa- 
tellite cells, and MyoD expression is required for satellite cells 
to give rise to myogenic precursor cells (mpc), that undergo 



important role in the function of satellite cells 
during skeletal muscle regeneration* MyoD-l- 
mice interbred with the mdx mice> a dystrophic 
mouse model, exhibit increased penetrance of the 
mdx phenotype characterized by reduced muscle 
hypertrophy and increased myopathy leading to 
premature death* Moreover^ skeletal muscle regen- 
eration in MyoD-/- mice is strikingly impaired 
following induced injury and satellite cell-derived 
myogenic precursors are markedly reduced in 
number and appear not to undergo proliferation* 
Paradoxically markedly elevated numbers of 
s atell ite cells are detected in MyoD-/- an d 
mdxiMyoD-/- muscles* These data indicate that, 
in the absence of MyoD, satellite cells undergo 
self-renewal rather than progression through the 
myogenic program* Therefore, MyoD appears to 



a proliferative phase prior to terminal differentiation. In the 
absence of MyoD, the numbers of satellite cells undergo a 
marked increase as a consequence of increased self- renewal 
rather than progression through the developmental program 



play a unique and novel role in the developmental 
program of satellite cells (Fig* 5)* 

27.6 

Outlook 

The primary MRFs, MyoD and Myf-5, are ex- 
pressed at high levels in proliferating myoblasts* 
However, activity of the entire MRF famOy has 
been uniformly associated with the activation of 
muscle-specific genes during or following termi- 
nal differentiation and withdrawal from the cell 
cycle* In fact, proliferation and differentiation are 
viewed as mutually exclusive phenomenon during 
muscle development* Furthermore, forced expres- 
sion of MyoD in almost all cell types induces cell 
arrest* Moreover, muscle- specific genes in rhabdo- 
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myosarcoma-derived cells are not activated by 
MyoDy and overexpression of activated oncogenes 
(v-Src, c-Myc, H-ras, and El A) blocks the termi- 
nal differentiation of myoblasts. Thus, the prevail- 
ing interpretation is that MyoD and Myf-5 are in- 
active in cycling myoblasts, perhaps because of 
elevated Id, c-jun, or hyperphosphorylated Rb. 

Interestingly, a number of observations indicate 
that Myf-5 and MyoD may indeed exhibit activ- 
ities unique to proliferating myoblasts. MyoD and 
Myf-5 are expressed in myoblasts and this expres- 
sion is downregulated upon differentiation. MyoD 
is upregulated following activation of quiescent 
satellite cells and prior to expression of proliferat- 
ing cell nuclear antigen and proliferation. Lastly, 
the most compelling observation for a positive 
myoblast-specific role for Myf-5 and MyoD is that 
mice lacking both Myf-5 and MyoD exhibit a 
complete absence of myoblasts. Therefore, MyoD 
and Myf-5 may activate myoblast-specific promo- 
ters distinct from those expressed following dif- 
ferentiation. Indeed, a valid interpretation of these 
observations may be that MyoD/Myf-5 act to as- 
sist cell growth in a lineage- specific manner. 
However, gene targets for MyoD/Myf-5 in prolifer- 
ating myoblasts have yet to be identified. 

27.7 

Summary 

The MRFs form a family of transcription factors 
whose activity is regulated at multiple levels by 
growth factors, by interactions with other tran- 
scription factors, and by cell-cycle control factors. 
The MRFs play key regulatory roles in the devel- 
opment of skeletal muscle during embryogenesis. 
Sequence homology, expression patterns, and 
gene-targeting experiments have revealed a two- 
tiered subclassification within the MRF family. 
Myf-5 and MyoD are more homologous to one an- 
other than to the others, are expressed in myo- 
blasts before differentiation, and are required for 
the determination or survival of muscle progeni- 
tor cells. By contrast, myogenin and MRF 4 are 
more homologous to one another than to the 
others, are expressed upon differentiation, and are 
required in vivo as differentiation factors. On this 
basis, MyoD and Myf-5 are classified as primary 
MRFs, as they are required for the determination 



of myoblasts, and myogenin and MRF 4 are classi- 
fied as secondary MRFs, as they function during 
terminal differentiation. 



References 

^ Hauschka SD (1994) The embryonic origin of muscle. 
In: Engel AG, Franzini-Armstrong C (eds) Myology, 
vol 1. McGraw-Hill, New York, pp 3-73 
^ Cossu G, Tajbakhsh S, Buckingham M (1996) How is 
myogenesis initiated in the embryo? Trends Genet 12: 
218-223 

^ Borycki AG, Emerson CP (1997) Muscle determination: 
another key player in myogenesis? Curr Biol 7:R620- 
623 

^ Bischoff R (1994) The satellite cell and muscle regenera- 
tion. In: Engel AG, Franzini-Armstrong C (eds) Myo- 
genesis, vol 2. McGraw-Hill, New York, pp 97-118 
^ Christ B, Ordahl CP (1995) Early stages of chick somite 
development. Anat Embryol (Berl) 191:381-396 
^ Rudnicki MA, Jaenisch R (1995) The MyoD family of 
transcription factors and skeletal myogenesis. Bioes- 
says 17:203-209 

^ Megeney LA, Rudnicki MA (1995) Determination versus 
differentiation and the MyoD family of transcription 
factors. Biochem Cell Biol 73:723-732 
® Buckingham M (1994) Muscle differentiation. Which 
myogenic factors make muscle? Curr Biol 4:61-63 
^ Atchley WR, Fitch WM, Bronner-Fraser M (1994) Molec- 
ular evolution of the MyoD family of transcription fac- 
tors. Proc Natl Acad Sci USA 91:11522-11526 
Weintraub H, Davis R, Tapscott S, Thayer M, Krause M, 
Benezra R et al. (1991) The myoD gene family: nodal 
point during specification of the muscle cell lineage. 
Science 251:761-766 

Molkentin JD, Olson EN (1996) Combinatorial control of 
muscle development by basic helix-loop-helix and 
MADS-box transcription factors. Proc Natl Acad Sci 
USA 93:9366-9373 

Yun K, Wold B (1996) Skeletal muscle determination 
and differentiation: story of a core regulatory network 
and its context. Curr Opin Cell Biol 8:877-889 
Olson EN (1992) Interplay between proliferation and dif- 
ferentiation within the myogenic lineage. Dev Biol 
154:261-272 

Florini JR, Ewton DZ, Coolican SA (1996) Growth hor- 
mone and the insulin-like growth factor system in 
myogenesis. Endocr Rev 17:481-517 
Mulligan G, Jacks T (1998) The retinoblastoma gene 
family: cousins with overlapping interests [In Process 
Citation]. Trends Genet 14:223-229 
Molkentin JD, Olson EN (1996) Defining the regulatory 
networks for muscle development. Curr Opin Genet 
Dev 6:445-453 

Olson EN, Arnold HH, Rigby PW, Wold BJ (1996) Know 
your neighbors: three phenotypes in null mutants of 
the myogenic bHLH gene MRF 4. Cell 85:1-4 
Rudnicki MA, Braun T, Hinuma S, Jaenisch R (1992) In- 
activation of MyoD in mice leads to up-regulation of 
the myogenic HLH gene Myf-5 and results in appar- 
ently normal muscle development. Cell 71:383-390 
Rudnicki MA, Schnegelsberg PN, Stead RH, Braun T, 
Arnold HH, Jaenisch R (1993) MyoD or Myf-5 is 




27 Myogenesis 445 



required for the formation of skeletal muscle. Cell 
75:1351-1359 

Braun T, Bober E, Rudnicki MA, Jaenisch R, Arnold HH 
(1994) MyoD expression marks the onset of skeletal 
myogenesis in Myf-5 mutant mice. Development 
120:3083-3092 

Braun T, Rudnicki MA, Arnold HH, Jaenisch R (1992) 
Targeted inactivation of the muscle regulatory gene 
Myf-5 results in abnormal rib development and perina- 
tal death. Cell 71:369-382 

Braun T, Arnold HH (1995) Inactivation of Myf-6 and 
Myf-5 genes in mice leads to alterations in skeletal 
muscle development. Embo J 14:1176-1186 
Nabeshima Y, Hanaoka K, Hayasaka M, Esumi E, Li S, 
Nonaka I (1993) Myogenin gene disruption results in 
perinatal lethality because of severe muscle defect [see 
comments]. Nature 364:532-535 
Patapoutian A, Yoon JK, Miner JH, Wang S, Stark K, 
Wold B (1995) Disruption of the mouse MRF4 gene 
identifies multiple waves of myogenesis in the myo- 
tome. Development 121:3347-3358 
Hasty P, Bradley A, Morris JH, Edmondson DG, Venuti 
JM, Olson EN et al. (1993) Muscle deficiency and neo- 
natal death in mice with a targeted mutation in the 
myogenin gene [see comments]. Nature 364:501-506 
Zhang W, Behringer RR, Olson EN (1995) Inactivation 
of the myogenic bHLH gene MRF4 results in up-regu- 



lation of myogenin and rib anomalies. Genes Dev 
9:1388-1399 

Rawls A, Morris JH, Rudnicki M, Braun T, Arnold HH, 
Klein WH et al. (1995) Myogenin’s functions do not 
overlap with those of MyoD or Myf-5 during mouse 
embryogenesis [published erratum appears in Dev Biol 
1996 Mar 15;174(2):453]. Dev Biol 172:37-50 
Rawls A, Valdez MR, Zhang W, Richardson J, Klein WH, 
Olson EN (1998) Overlapping functions of the myo- 
genic bHLH genes MRF4 and MyoD revealed in dou- 
ble mutant mice. Development 125:2349-2358 
Venuti JM, Morris JH, Vivian JL, Olson EN, Klein WH 
(1995) Myogenin is required for late but not early as- 
pects of myogenesis during mouse development. J Cell 
Biol 128:563-576 

Kablar B, Krastel K, Ying C, Asakura A, Tapscott SJ, 
Rudnicki MA (1997) MyoD and Myf-5 differentially 
regulate the development of limb versus trunk skeletal 
muscle. Development 124:4729-4738 
Megeney LA, Kablar B, Garrett K, Anderson JE, Rud- 
nicki MA (1996) MyoD is required for myogenic stem 
cell function in adult skeletal muscle. Genes Dev 10: 
1173-1183 

Cornelison DD, Wold BJ (1997) Single-cell analysis of 
regulatory gene expression in quiescent and activated 
mouse skeletal muscle satellite cells. Dev Biol 191:270- 
283 




28 Neurotrophins in Development of the Nervous System 
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28.1 

Introduction ^ 

Development of the nervous system requires a 
massive production of neurons and glial cells. 
These cells need to be generated, migrate to their 
appropriate positions and form a vast number of 
connections. Thus, new cells are continuously 
being born and new connections are being estab- 
lished. All these events are additive and cumulate 
during development. In parallel to this construc- 
tion, there are also regressive events, both by a re- 
modelling and elimination of connections initially 
formed and by a widespread death of neurons 
during a restricted embryonic period occurring 
shortly after target innervation. In many in- 
stances, more than half the neurons initially 
formed die by apoptosis. This phenomenon is de- 
scribed as programmed cell death and is believed 
to be a fundamental process ensuring that target 
cells are innervated by the correct number and 
type of neurons. Early work of Victor Hamburger 
and Rita Levi-Montalcini in the 1930s and 1940s 
led to the finding that extirpation of a peripheral 
target field of neurons (the wing bud in the 
chick) during development results in excessive 
loss of innervating sensory and motor neurons. 
Conversely, it was later shown that enlargement of 
the target field reduces the loss of neurons during 
the period of programmed cell death. The discov- 
ery of programmed cell death during development 
came together with the concept that the size of 
the target determines neuronal numbers. Pioneer- 
ing work on the identification and characteriza- 
tion of the neurotrophic factor nerve growth fac- 
tor (NGF) led to a proposal explaining the effects 
of target enlargement and limb extirpation; 
namely, that the target fields regulate their synap- 
tic innervation density retrogradely, by the secre- 



tion of soluble survival-inducing factors that are 
present in limiting amounts. Thus, neurotrophic 
factors are key molecules during programmed cell 
death in the nervous system; being retrograde 
survival messengers responsible for eliminating 
all unwanted and unnecessary neurons by pro- 
grammed cell death. This elimination is caused by 
the unsuccessful competition for limited amounts 
of survival factors (Fig. 1). 

The focus of this chapter will be on the phy- 
siology of neurotrophins and their receptors. Sev- 
eral reviews are recommended for more informa- 
tion on their structural aspects, the signal trans- 
duction, the regulation and distribution of mRNA 
expression, and inverterbrate neurotrophins (see 
Reference list). 



28.2 

Neurotrophins 

The final evidence for the neurotrophic factor hy- 
pothesis outlined above was the finding that exog- 
enous administration of the prototypic neuro- 
trophic factor, NGF, to the chick embryo promotes 
survival of the dorsal root ganglion sensory neu- 
rons, which would otherwise have died during the 
period of programmed cell death. Moreover, in 
that paradigm, neutralization of NGF in vivo with 
an anti-NGF antibody leads to excessive cell death 
of dorsal root ganglion neurons. Interestingly, 
NGF acts on only few of the sensory dorsal root 
ganglion neurons. However, the programmed cell 
death was known to be much broader and general 
for NGF to be the only molecule involved, which 
suggested the presence of many more neuro- 
trophic factors with similar functions. 

The purification of brain-derived neurotrophic 
factor (BDNF) ultimately led to the cloning of the 
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Fig, L Programmed cell death in the develop- 
ing nervous system is controlled by neuro- 
trophic factors expressed in the target of in- 
nervation, As the axons of neurons reach 
their target, they compete for a limited 
amount of trophic support; only those which 
are successful survive and the rest die by 
apoptosis 



gene and the discovery that NGF is a member of 
a gene family of structurally and functionally sim- 
ilar neurotrophic factors which also includes neu- 
rotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4) 
in mammals. The neurotrophins are translated as 
approximately 200 amino acid-long proproteins, 
including also a signal peptide for secretion. Fol- 
lowing proteolytic cleavage, a slightly shorter than 
120 amino add-long mature C-terminal active 
peptide is released containing six cystein residues 
at identical spaced positions in all mammalian 
neurotrophins. The mature part is very well con- 
served and approximately 50% of the amino acids 
are common to all neurotrophins. The neurotro- 
phins are secreted as dimers associated through a 
non-covalent hydrophobic surface, 

283 

Neurotrophin Receptors^ 

28.3.1 

Tyrosine Kinase Neurotrophin Receptors 

There are three different tyrosine kinase receptors 
mediating the effects of neurotrophins on neu- 
rons: trkA, trkB and trkC, NGF binds and acti- 
vates the trkA receptor, BDNF and NT-4 share the 
signal-transducing receptor, trkB, and NT-3 binds 



trkA M 


NGF 


trkC < 


NT3 


trkB 


BDNF 




NT4 



Fig, 2, The neurotrophins mediate their effects by interact- 
ing with tyrosine kinase receptors. The neurotrophins in- 
teract with three receptors, the trkAt trkB and trkC recep- 
tors* The preferred receptor for NGF is trkAj BDNF and 
NT-4 trkB and NT- 3 trkC, The trkA receptor also show 
some promiscuity and can in some contexts also interact 
with NT-3 



and activates trkC (Fig, 2), Whereas NGF, BDNF 
and NT-4 show very little receptor promiscuity, 
NT-3 can, und^r some circumstances, also inter- 
act with the trkA receptor. Activation of trk re- 
ceptors by their cognate ligands initiates a cas- 
cade of signalling events which result in the sur- 
vival and differentiation of neurons. The trk re- 
ceptors become activated by a two-step process: 
(1) A ligand-mediated dimerization (or oligomeri- 
zation) of the receptor molecules at the cell sur- 
face, followed by (2) the autophosphorylation of 
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Fig. 3. Activation of trk receptors initiates a signal trans- 
duction pathways leading to survival and differentiation 
whereas p75 NTR activation induces neuronal death. The 
dimeric neurotrophin brings together two trk receptors 
leading to the autophosphorylation of tyrosine residues in 
the intracellular domains of the receptor. The phosphory- 
lated tyrosine residues provides sites of interaction for 
downstream signalling molecules, which leads to their acti- 
vation. The activated PI3K phosphorylates the serine/threo- 
nine kinase Akt which phoshorylates and inactivates the 
suicidal protein Bad. The inactivation of Bad allows the 
neuron to survive. Other enzymes and adaptor proteins 



which interact with the trk receptors are She and PLCy 
which activates signalling pathways ultimately turning on 
genes involved in neuronal differentiation. The p75NTR 
acts as a coreceptor in the presence of trk receptors and in- 
creases the survival- eliciting signals from these receptors. 
In the absence of trk receptors, activation of the p75NTR 
by neutrophins (NT) can lead to the induction of neuronal 
death. The binding of NGF to the p75NTR leads to the acti- 
vation of Jun-NH2-terminal kinase (/NiC), nuclear factor /cB 
(NFkB) and ceramide. Activation of JNK is required for the 
induction of apoptosis 



certain intracellular tyrosine residues, a mecha- 
nism which is similar for all tyrosine kinase re- 
ceptors. The phosphorylated tyrosine residues of 
the trks form a substrate for binding of down- 
stream signalling elements. To date, several mole- 
cules have been identified as substrates of acti- 
vated trk receptors. These signalling molecules 
are shared by many different tyrosine kinase re- 
ceptors which are involved in proliferative path- 
ways (Fig. 3). Phospholipase Cy, the phosphatidyl 
inositol 3 kinase (PI-3 kinase) and the SH2-con- 
taining adaptor protein She are the primary effec- 



tors of trkA activation. An important substrate 
for the survival effects of neurotrophins is PI-3K, 
which phosphorylates one of its substrates, the 
serine-threonine kinase Akt. The activated Akt 
inactivates the intracellular suicidal protein bad 
(a member of the bcl-2 family of cell death-regu- 
lating proteins) and the inactivation of bad is 
ultimately responsible for preventing apoptosis in 
neurons. 
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28.3.2 

The Low Affinity Neurotrophin Receptor 

Neurotrophins exert their physiological effects by 
binding to receptors on neurons with different af- 
finities. All neurotrophins bind a single 75000- 
dalton neurotrophin receptor (p75NTR) with a 
lower affinity than to their respective trk receptor. 
The p75NTR encodes a transmembrane glycopro- 
tein that does not possess a tyrosine kinase do- 
main and is expressed in all the populations of 
neurons known to respond to neurotrophins. Re- 
solving the molecular structure of the p75NTR 
surprisingly showed that this receptor contains an 
intracellular death domain, similar to the death 
domain of TNF/Fas family of death receptors. The 
biological role of the p75NTR has been elusive to 
characterization. It is now generally agreed that 
this receptor has dual functions: (1) In the ab- 
sence of high- affinity receptors it can activate a 
cell death program in neurons leading to apopto- 
sis (Fig. 3). However, the significance of p75NTR- 
induced cell death in development of the nervous 
system is not yet fully understood. (2) In the 
presence of high-affinity receptors, p75NTR acts 
as a coreceptor potentiating the survival promot- 
ing effects of neurotrophins by increasing the af- 
finity of ligand-binding to the high-affinity recep- 
tors and furthermore by helping the trk receptors 
to discriminate between their ligands. 

28.3.3 

Receptor Isoforms and Functions 

Many different forms of truncated trkB and trkC 
receptors are formed by alternative splicing. 
These receptors lack the intracellular tyrosine ki- 
nase domain but retain a transmembrane domain 
and are transported to the cell membrane. The re- 
ceptors are therefore capable of binding their cog- 
nate ligand but are unable to transmit any known 
intracellular signal. There exist at least two forms 
of truncated trkB receptors and four truncated 
trkC receptors. The truncated receptors are widely 
and abundantly expressed in the developing ner- 
vous system and their expression pattern overlaps 
that of full-length receptors. At a cellular level, a 
single neuron can produce both full-length and 



truncated receptors and as neurons mature they 
express truncated receptors at much higher quan- 
tities than full-length receptors. The truncated re- 
ceptors can play at least two functions in develop- 
ment: 

1. They can act as dominant negative receptors. 
As mentioned above, receptor-induced signalling 
is triggered by the ligand bringing together two 
tyrosine kinase domains, which leads to their au- 
tophosphorylation and the induction of a signal 
cascade. The presence of both full-length and 
truncated receptors in a cell will lead to the for- 
mation of homodimers of full-length receptors or 
truncated receptors, and the formation of hetero- 
dimers of truncated and full-length receptors. 
However, since two tyrosine kinase domains are 
necessary for initiating a signal cascade, only 
homodimers of full-length receptors will lead to 
signalling. Therefore, the presence of only a few- 
fold excess of truncated receptors in a neuron will 
lead to a loss of responsiveness to the ligand. 
Thus, by regulating the proportion of full-length 
to truncated receptors in a cell, the neuronal re- 
sponsiveness to neurotrophins can be modulated 
during development. 

2. Truncated trk receptors can act as scavengers 
of their ligands in development. As indicated 
above, neurotrophins are expressed by the cells 
which will receive innervation. A target- derived 
source of neurotrophins is crucial for stimulating 
the correct direction of axonal growth and termi- 
nal sprouting. Freely diffusing neurotrophins 
reaching the neuron somas would therefore be ex- 
pected to sustain neuronal survival but prevent 
target innervation. In some systems and time 
points in development the cell somas of the neu- 
rons and the target of innervation are in very 
close proximity, such that neurotrophins ex- 
pressed in the target could, by diffusion, reach the 
neuronal cell somas. Such is the case in the audi- 
tory and vestibular ganglia which innervate the 
epithelium of the otic vesicle. However, truncated 
trk receptors restrictedly expressed by mesenchy- 
mal cells separating the otic vesicle and the audi- 
tory and vestibular ganglia can play an important 
role in keeping the neurotrophins, expressed by 
epithelial cells in the otic vesicle, from reaching 
the neurons by diffusion. Mesenchymal cells do 
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SO by binding, internalizing and degrading any 
neurotrophin molecule diffusing from the area 
where it is expressed* 

28.4 

Requirement of Different Functional Classes 
of Sensory Neurons on Specific Neurotrophins^ 

The peripheral nervous system consists of sen- 
sory neurons and autonomic sympathetic and 
parasympathetic neurons. The sensory neurons 
condense into ganglia located along the rostrocau- 
dal extent of the neural tube and can be divided 
into cranial and spinal ganglia. The cranial gan- 
glia include those associated with cranial nerves 
V (trigeminal ganglion; containing somatic sen^ 
sory neurons)^ YII (facial ganglion; containing so- 
matic sensory neurons), VIII (vestibular and 
auditory ganglia; containing special sensory neu- 
rons), IX (superior and petrosal ganglia, contain- 
ing visceral sensory neurons) and X (jugular and 
nodose ganglia> containing visceral sensory neu- 
rons) while the spinal ganglia are the dorsal root 
ganglia (containing somatic sensory neurons). 
Mice in which the genes for the neurotrophins are 
specifically inactivated (Le., knockout mice) have 
proven to be invaluable tools to delineate the 
functions of neurotrophins during development 
Examination of neuronal numbers in the different 
sensory ganglia of these mice in comparison to 
normal mice shows that many neurons in all gan- 
glia have died as a consequence of the absence of 
neurotrophic factor support (Table 1), A general 
feature of the requirement on the different neuro- 
trophins is that whereas BDNF, NT-3 and NT-4 
support neurons of both neural crest and ectoder- 
mal placode origin, NGF supports dorsal root and 
trigeminal ganglion neurons, which are wholly or 
partly of neural crest origin, but does not support 
neurons of the facial, auditory, vestibular and 
nodose/petrosal ganglia, which are exclusively 
derived from ectodermal placode. 

These sensory systems process many different 
kinds of information and the sensations they 
transduce are diverse. This is reflected by the fact 
that distinct subpopulations of dorsal root, tri- 
geminal, facial, auditory and nodose/petrosal gan- 
glion neurons subserve different sensory modality 



Table 1, Effects of neurotrophin gene knockouts on neuron 
numbers in peripheral sensory and sympathetic ganglia 





Percent neurons lost in knockout 
mice 




NGF 


BDNF 


NT3 


NT4 


Superior cervical 
ganglion 


95% 


Normal 


50% 


Normal 


Trigeminal ganglion 


70% 


40% 


60% 


Normal 


Geniculate ganglion 


ND 


48% 


45% 


50% 


Nodose -petrosal 
ganglion 


Normal 


59% 


38% 


58% 


Vestibular ganglion 


ND 


80% 


35% 


Normal 


Auditory ganglion 


ND 


8% 


93% 


Normal 


Dorsal root 
ganglion 


70% 


30% 


65% 


14% 



ND^ not determined 



responsiveness, contain different cytochemical 
properties and central terminations within the 
spinal cord and brain stem. These sub populations 
of neurons have a remarkable specificity in their 
requirements for different neurotrophins (Fig, 4), 
The specific requirements of some of these neuro- 
nal systems will be described below. 

There are three distinct sensory modalities 
transduced by dorsal root ganglion neurons: noci- 
ception ehcited by noxious or thermal stimula- 
tion, mechanoreception stimulated by mechanical 
stimulation of the skin, and proprioception elic- 
ited by mechanical displacement of the muscles 
and joints. Within each basal modaUty there are 
many different submodalities. In pioneering experi- 
ments addressing the requirements of dorsal root 
ganglion neurons on NGF, rats were administered 
anti-NGF antibodies shortly after birth, which led 
to a loss of dorsal root ganglion neurons* The gan- 
glion was examined with respect to cytochemical 
properties of the remaining neurons, the central 
termination pattern and to physiological proper- 
ties of the remaining cutaneous innervation* In 
the first studies, it became clear that Ad’ fibers, 
which transduce nociception, are selectively lost 
by anti-NGF treatment. These fibers contain sub- 
stance-?, an important neurotransmitter in the 
transduction of pain* It was subsequently shown 
that anti-NGF treatment leads to a loss of sub- 
stance -P- containing dorsal root ganglion neurons. 
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Classes of neurons depending on 
different neurotrophins 



Ganalion 


Neurons/endinas 


Neurotrophin 


Vestibular ganglion 




BDNF (NT3) 


Auditory ganglion 


Type 1 neurons 


NT3 




Type 2 neurons 


BDNF 


Dorsal root ganglion 


la, Ib, Merkel 


NT3 




Unmyelinated 


NGF 




some mechanoreceptors 


BDNF 


Nodose ganglion 


Chemoreceptive 


BDNF 

(NT4) 


Trigeminal ganglion 


Unmyelinated, reticular 
and transverse lanceolate 


NGF 




Longitudionai, fuzzy endings 


BDNF 




Merkel, reticular lanceolate 


NT3 


Sympathetic ganglion 


Pineal neurons 


NT3 


(SCG) 


Other neurons 


NGF 



Fig. 4. Different functional classes of 
neurons depend on different neurotro- 
phins. Analysis of knockout mice has 
led to the identification that neuronal 
subclasses depend on different neuro- 
trophin members. The neurons/nerve 
endings, the ganglion in which the cell 
bodies are located, and the dependency 
in development on the different neuro- 
trophin members are outlined. Neuro- 
trophins indicated in parentheses are 
essential for neuronal survival; however, 
the functional classes of the dependent 
neurons have not been identified. la 
and Ib neurons/endings are transducing 
proprioception SCG Superior cervical 
ganglion 



but not neurons with other cytochemical proper- 
ties. Furthermore, central fibers terminating in 
the superficial lamina of the spinal cord, where 
the pain-transducing fibers terminate, were selec- 
tively lost. Thus, NGF clearly supports a function- 
ally, cytochemically and anatomically discreet sub- 
population of dorsal root ganglion neurons. 



Fig. 5. a Dependency of dorsal root ganglion neurons on 
neurotrophins. Neurons of the dorsal root ganglion are of 
three modalities, nociceptive (yellow neurons and nerves), 
mechanoreceptive (dark green) or proprioceptive (blue in- 
dicates la neurons innervating the muscle spindle, red the 
Ib neurons innervating the Golgi tendon organ). The mus- 
cle also receives innervation from large alpha motor neu- 
rons (light green) and from small gamma motor neurons 
(pink), the former terminating on extrafusal muscle fibers 
and the latter on intrafusal muscle fibers of the muscle 
spindles. NGF selectively supports the nociceptive neurons, 
BDNF the mechanoreceptive (dark green) and NT-3 the 
proprioceptive la and Ib neurons (blue and red). DRG Dor- 
sal root ganglion; dh dorsal horn of the spinal cord; vh 
ventral horn of the spinal cord; SC spinal cord, b Depen- 



Mice carrying a deletion in the different neuro- 
trophin genes all develop with severe sensory def- 
icits, including loss of 70% of the lumbar dorsal 
root ganglion neurons in the NGF knockout mice, 
30% in the BDNF knock-out mice and 60% in the 
NT-3 knockout mice. Analysis of these mice has 
shown that NT-3 is crucial for the mechanorecep- 

► 

dency of auditory neurons on BDNF and NT-3. Auditory 
neurons located in the cochlea innervates hair cells of the 
organ of Corti in the periphery and their central termina- 
tions are located in the cochlear nuclei. There is one row of 
inner hair cells and three rows of outer hair cells in the or- 
gan of Corti (grey cells). The inner hair cell transduces 
hearing from the cochlea to the brain and the outer hair 
cells modulate these signals. Hearing is also affected by an 
efferent component (blue) which terminates presynaptically 
on the afferent sensory neuron terminals. There are two 
types of afferent auditory neurons, the type 1 neurons in- 
nervating the inner hair cells and type 2 neurons innervat- 
ing outer hair cells. In BDNF knockout mice type 2 neu- 
rons are absent and in NT-3 knockout mice type 1 neurons 
are lost 
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tive Merkel neurons and for all components of the 
limb proprioceptive system. Limb proprioception 
is the ability to sense muscle tension and move- 
ments and, thus, the position of the limbs in 
space. The sensory end organs of the propriocep- 
tive dorsal root ganglion neurons are the intrafu- 
sal muscle fibers of the muscle spindles and the 
Golgi tendon organs. These specialized structures 
are induced by the ingrowing sensory axons. Such 
end organs are not induced in the absence of NT- 
3 because of the death of proprioceptive neurons, 
due to trophic factor deprivation. New physiologi- 
cal data showing that BDNF is important for 
some mechanoreceptors have led to the new con- 
cept that the dependency on trophic support is a 
reflection of the modality of the neuron. Slightly 
simplified, in the dorsal root ganglion nociceptive 
neurons depend on NGF, mechanoreceptive neu- 
rons on BDNF and proprioceptive neurons on 
NT-3 (Fig. 5 b). 

Neurotrophins are also essential for the devel- 
opment and the function of the inner ear. Bal- 
ance, posture and equilibrium are mediated by in- 
formation conveyed from the vestibular sensory 
receptors to the brain, and hearing is conveyed 
from the cochlear sensory receptors. The sense 
organs of the vestibular inner ear include the hair 
cells in the sensory epithelia of the saccule and 
utricle and of the cristae of the three semicircular 
ducts, which are innervated by afferents from ves- 
tibular ganglion neurons. The auditory receptor 
of the cochlea includes the inner and outer hair 
cells of Corti’s organ, which are innervated by 
sensory afferents from auditory ganglion neurons 
(Fig. 5 a). The neurotrophins BDNF and NT-3 are 
crucial for the survival of all neurons of the inner 
ear. mRNAs for BDNF and NT-3 are expressed in 
a distinct, partially overlapping pattern in the in- 
ner ear sensory epithelia. The lack of expression 
of NGF and NT-4 mRNAs shows a requirement 
only for BDNF and NT-3 in inner ear develop- 
ment. In the embryonic and neonatal rat, NT-3 
mRNA is localized to both the differentiating hair 
cells and surrounding supporting cells of the co- 
chlear and vestibular sensory epithelia, whereas 
BDNF mRNA is localized exclusively to the differ- 
entiating hair cells. In addition, BDNF, but not 
NT-3 mRNA, is expressed in the sensory epithelia 
of the crista ampullaris. The expression of BDNF 



and NT-3 at postnatal stages is more restricted. 
NT-3 mRNA is present in inner hair cells of the 
cochlea and BDNF mRNA in hair cells of the ves- 
tibular compartments. Thus, these results suggest 
that neurotrophins act in a target-derived fashion 
in the inner ear. BDNF is crucial for the survival 
of neurons involved in balance and posture and, 
in its absence, virtually all the vestibular ganglion 
neurons die. In the auditory system, NT- 3 is es- 
sential for the survival of type 1 auditory neu- 
rons, which innervate the inner hair cells, and 
BDNF is required for type 2 auditory neurons 
which innervate outer hair cells in the organ of 
Corti (Fig. 5 a). Thus, current evidence clearly es- 
tablishes complementary roles of BDNF and NT-3 
in development of neuronal populations involved 
in hearing and balance. 

Thus, a requirement of functionally different 
classes of sensory neurons on different neurotro- 
phins is a general phenomenon during nervous 
system development. Such selective dependencies 
have also been described for the more than 20 
different sensory nerve endings of the trigeminal 
ganglion neurons as well as for gustatory and vis- 
ceral sensory neurons of different modalities. 

28.5 

A Target-Derived Source of Neurotrophins 
in the Peripheral Nervous System 
and the Control of Axonal Branching^ 

The original neurotrophic factor hypothesis ini- 
tially proposed for NGF and outlined in the intro- 
duction of this chapter has now been confirmed 
to be correct also for the other members of the 
neurotrophin family. mRNAs and proteins for all 
neurotrophins are expressed in target tissues of 
innervation, and the expression of the different 
members correlates with the requirement of dif- 
ferent classes of neurons for specific neurotro- 
phins. In the trunk region, NGF is expressed in 
skin, a major target of pain sensory neurons, and 
NT-3 is expressed in muscle spindles, Golgi ten- 
don organs and merkel cells, the targets of the 
NT-3 -dependent neurons. A target-derived source 
of neurotrophins has also been demonstrated in 
the inner ear, as previously described, as well as 
in several systems in the brain. The modality and 
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function of a neuron is matched both by the ex- 
pression of a specific trk receptor and by the lo- 
calized expression of its ligand in the target tis- 
sue, i.e., the sensory receptors of that particular 
class of neuron. 

The establishment of contact between neurons 
and their target requires two phenomena: (1) axo- 
nal growth in nerves and in fasciculated bundles 
extending from the neuronal soma to the vicinity 
of the target tissue and (2) collateral sprouting 
within the target tissue and formation of nerve 
endings. The role of neurotrophins in these events 
has been most extensively characterized for NGF 
in the adult sympathetic nervous system. Cuta- 
neous sympathetic fibers innervate blood vessels 
and piloerector muscles associated with hair folli- 
cles. NGF does not affect axonal growth and re- 
generation of these nerves but is, instead, abso- 
lutely essential for their collateral sprouting. 
These results are particularly interesting as the 
concentration of NGF in different targets of sym- 
pathetic innervation during development corre- 
lates to the density of innervation. NGF can there- 
fore be concluded to directly regulate the density 
of sympathetic innervation (i.e., by collateral 
sprouting) and size of the innervated fields both 
during development and in the adult, but it does 
not influence the rate of axonal growth and regen- 
eration. It is likely that neurotrophins play similar 
roles in the sensory as the sympathetic system 
with regard to axonal growth and sprouting. 

28.6 

Neurotrophins and Neurogenesis 
in the Peripheral Nervous System^ 

An interesting question which remains to be an- 
swered is whether neurotrophins are inductive 
with regard to the function of neurons, or 
whether the function of the neurons dictates their 
dependency on a specific neurotrophin. Thus, it 
is yet not clear whether neurotrophins might be 
involved in the specification of neuronal pheno- 
types. This question is important to address be- 
cause in addition to playing essential roles in the 
control of programmed cell death and later in de- 
velopment for axonal/dendritic remodelling, neu- 
rotrophins are also important at embryonic stages 



prior to these events. In this respect, NT-3 seems 
to be a neurotrophin distinct from the other 
members in this family because NT-3 plays an im- 
portant role during gangliogenesis whereas NGF, 
BDNF and NT-4 act only on differentiated neu- 
rons, and probably only in a target- derived fash- 
ion in the peripheral nervous system. NT-3 is 
supplied locally from within the close vicinity of 
the ganglion and acts on unspecified proliferating 
sensory progenitor cells of the dorsal root gangli- 
on and trigeminal ganglion. Although much re- 
mains to be learned of the early role of NT- 3, this 
trophic factor might be an essential component in 
the environmental control of cell cycle progres- 
sion and exit of the sensory neuron lineage. 

28.7 

Neurotrophin Switching 

in the Peripheral Nervous System^ 

Detailed studies on peripheral neurons have 
brought forth a whole new view of neurotrophin 
dependency, namely that most neurons depend 
on more than one neurotrophin and do so in a 
developmental sequence by switching their surviv- 
al requirements from one neurotrophin to an- 
other. NT-3 is essential at early stages for dorsal 
root-, nodose- and trigeminal ganglion neurons. 
Instead, NGF, BDNF and NT-4 act later in devel- 
opment. The auditory and vestibular sensory neu- 
rons are unique in this respect, since they are the 
only sensory neurons so far identified which do 
not display an early requirement on NT-3 (Fig. 6). 
It should be emphasized that the switch in depen- 
dency links the early roles of locally produced 
NT-3 on unspecified progenitor cells to the later 
target-derived roles of all neurotrophins on spe- 
cific functional subpopulations of sensory neu- 
rons. 

28.8 

Neurogenesis, Migration and Specification 
of Neurotransmitter Phenotype 
in the Central Nervous System ^ 

Neurogenesis is a complex process, which starts 
with the proliferation, migration and differentia- 
tion of neuroectodermal cells and culminates with 
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Neurotrophin switching 
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Fig, 6, A developmental switch in neurotrophin dependency 
of perpheral sensory neurons. The ganglia are indicated at 
the lejt of the illustration and the dependency of neurons 
in these ganglia on neurotrophins at early and late stages of 
embryogenesis is indicated. Locally produced NT-3 is es- 
sential during gangliogenesis in the dorsal root ganglion, 



the generation of new cells and their acquisition 
of specific neural phenotypes. The timing of this 
process is essential for correct brain development> 
as these events are tightly controlled by multiple 
environmental factors, Typicallyj neurogenesis 
takes place in successive waves which extend from 
very early stages of development to postnatal 
stages (and even adulthood). The developing neu- 
roepithelium contains a subpopulation of highly 
proliferative^ self-renewing multipotent cells that 
can generate both neurons and glia, Multipotent 
cells have been described in the developing cor- 
tex, hippocampus, cerebellum, striatum and in 
the subventrkular zone. Although it is possible 
that multipotent cells may have intrinsic differ- 
ences, it is generally accepted that the environ- 
ment plays a key role in the specification of cells 
and that self-renewal of multipotent cells depends 
on neurotrophic factors such as bFGF and EGF, 
which stimulate their proliferation. However, both 
p75 and the Trk receptors are present in multipo- 
tent neural stem cells from the striatum, suggest- 
ing a function of neurotrophins in the regulation 



nodose ganglion and trigeminal ganglion but not for audi- 
tory or vestibular neurons. In its early role, NT-3 acts on 
proliferating progenitor cells. In the late role of neurotro- 
phins they act as target- derived factors supporting different 
function subpopulations of neurons, as indicated in the text 
and in previous figures 



of early functions in progenitors cells. According 
to this, some neurotrophins have been found to 
differentially regulate the proliferation of precur- 
sor cells, NGF, for instance, increases the bFGF- 
induced proliferation of precursor cells from the 
striatum. However, the function of other neuro- 
trophins seem to differ depending on the type of 
precursor cell. While NT-3 directly promotes the 
proliferation and survival of 02A oligodendrocyte 
precursors, this molecule antagonizes the prolif- 
erative effects of bFGF on hippocampal and corti- 
cal precursors. In addition to these early func- 
tions, mounting evidence suggests a role of neu- 
rotrophins per se in the differentiation of either 
stem or neuronal progenitor cells. For instance, 
NGF, BDNF, NT- 3 and NT-4/5 are able to increase 
the number of differentiated neurons generated 
from striatal, cortical or hippocampal progenitors 
in culture. Thus, it seems that neurotrophins are 
particularly important in early CNS development 
to promote neuronal differentiation, probably by 
accelerating differentiation of committed neuronal 
progenitor cells. 
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During cortical and cerebellar development, 
neural progenitors located in the germinal layers 
migrate to reach their final destinations. This pro- 
cess occurs mainly prenatally in the cortex and 
postnatally in the cerebellum. Interestingly, BDNF 
and NT-4 are able to stimulate the migration of 
progenitor cells in both systems, and NT-3 has 
been involved in promoting the migration of neu- 
rons from the external to the internal granule cell 
layer. Thus, both TrkB and trkC ligands seem to 
play an important role in regulating neuronal mi- 
gration. 

The specification of neuronal phenotypes in 
the CNS is also a process thought to involve, 
amongst many different signals, the neurotro- 
phins. Unlike other early developmental events, 
the acquisition of a mature neuronal phenotype is 
impaired in mice with deletions of the neurotro- 
phin genes. One of the most clear examples is the 
deletion of the BDNF gene, which results in a fail- 
ure in the differentiation of cortical and hippo- 
campal neurons. Interestingly, these neurons show 
abnormally low levels of calbindin, parvalbumin 
and neuropeptide Y, although other aspects of 
their phenotype, such as the expression of GABA, 
is unaffected. In agreement with these findings, 
culture studies have shown that BDNF and NT-3 
promote the differentiation of calbindin-positive 
neurons in the hippocampus, and that BDNF, NT- 
3 and NT-4 induce the expression of molecules 
important for neurotransmission in cortical neu- 
rons, including acetyl cholinesterase and the neu- 
ropeptides NPY, somatostatin and substance P. 
Thus, neurotrophins are important players in 
sculpting neurotransmitter-specific neuronal phe- 
notypes in the central nervous system. 

28.9 

Neuronal Survival and Development 
of Axonal and Dendritic Functional Domains 
in the Central Nervous System^ 

Much of the information on the role of neurotro- 
phins on neuronal survival comes from studies 
performed on primary cultures in vitro. These 
studies have shown that multiple neurotrophic 
factors are able to promote the survival of a given 
population of neurons, suggesting that, unlike 



neurons in the peripheral nervous system, neu- 
rons in the central nervous system may need, or 
optionally use, different neurotrophic factors to 
ensure their survival. For instance, basal forebrain 
cholinergic neurons require NGF for their surviv- 
al, yet they respond to all neurotrophin; and 
other neurons such as motoneurons, dopaminer- 
gic neurons in the substantia nigra, and granule 
neurons in the hippocampus and cerebellum re- 
quire BDNF, NT-3 or NT-4 for their survival. 
Thus, multiple neurotrophins are expressed in 
limiting amount to regulate survival of CNS neu- 
rons. Moreover, in certain populations of neurons, 
activation of L-type calcium channels has been 
found to increase the levels of neurotrophic fac- 
tors and promote neuronal survival, suggesting 
that, during development, neurons that are func- 
tionally active are selected out by an activity- de- 
pendent mechanism. Thus, neurotrophins provide 
a mechanism by which neuronal activity regulates 
the composition of neurons in the CNS during de- 
velopment. 

Another very interesting aspect of the function 
of neurotrophins during development is their abil- 
ity to sculpt the dendritic trees of central neu- 
rons. One neuronal system in which the require- 
ments for neurotrophins seem to be very specific 
and intricate is the cerebral cortex. Neurotrophins 
have been found to exert differential effects on 
the growth of basal or apical dendrites of pyrami- 
dal neurons from different layers of the cerebral 
cortex. The growth in length and complexity of 
pyramidal neuron dendrites, and particularly api- 
cal dendrites, is regulated by all neurotrophins, 
reflecting the complex trophic requirements as 
dendrites transverse different cortical layers, 
where different combinations of neurotrophins are 
expressed. The most potent factor for apical den- 
drites in layers 4 and 5-6 are BDNF and NT-4, re- 
spectively. Interestingly, the effects of BDNF in 
layer 4 are inhibited by NT-3, while those of NT-3 
in layer 6 are inhibited by BDNF. Thus, neurotro- 
phins promote specific and opposing aspects of 
growth and retraction of dendritic trees, indicat- 
ing that development of pyramidal neuron den- 
drites in different layers is dynamically regulated 
by neurotrophins. Interestingly, the effects of 
BDNF on the elaboration of dendritic trees in the 
cerebral cortex have been found to be specifically 




458 E- Arenas and P. Ernfors 



blocked by reagents that bind and sequester 
BDNF and by agents that block synaptic activity 
(i.e., spontaneous electrical activity, synaptic 
transmission or activation of L-type calcium 
channels). These findings are important because 
they show that concurrent activation of BDNF sig- 
nalling and synaptic activity are required for the 
development of dendritic trees. As a consequence 
of this, it has become apparent that those den- 
drites which are actively engaged in synaptic 
transmission are trophically supported and there- 
fore develop successfully. Such a mechanism may 
allow for neuronal and dendritic anatomy to be 
sculpted on a functional basis by growth factors 
during development. 

In addition of the evidence for an involvement 
of neurotrophins in dendritic remodelling, neuro- 
trophins have also been found to participate in 
the formation of axonal collaterals, branches and 
arbors, as well as in the establisment of functional 
domains whithin the brain. The visual system is a 
relatively well-characterized system in that re- 
spect. Developing geniculo cortical axons initially 
intermingle in the layer 4 of the visual cortex, to 
later undergo an activity-dependent process of 
eye-specific segregation of axons. The result is the 
formation of ocular dominance columns, which 
are columns of neurons in the layer 4 responding 
predominantly to stimulation of one eye via the 
geniculocortical projection. Interestingly, neuro- 
trophins are able to prevent and even reverse 
changes in the formation of dominance columns 
and shrinkage of lateral geniculate neurons im- 
posed by the lack of visual experience during de- 
velopment of visual cortex. Moreover, infusion of 
BDNF or NT-4 or TrkB blocking reagents into the 
visual cortex prevents the segregation of geniculo- 
cortical axons into ocular dominance columns, in- 
dicating that by removing the trophic basis for 
competition between the two eyes, ocular domi- 
nance columns are not formed. Thus, patterned 
expression and/or release of TrkB ligands and its 
activity-dependent regulation in layer 4 domi- 
nance columns are key events for the patterning 
of thalamo-cortical projections and for the func- 
tional organization of the cerbral cortex by neuro- 
trophins. 



28.10 

Synaptic Plasticity 

in the Central Nervous System^ 

In addition to the function of neurotrophins as 
long-term regulators of neuronal physiology, neu- 
rotrophins also seem to regulate neurotransmis- 
sion in an acute fashion. A first indication of this 
was the finding that neurotrophin production and 
secretion are regulated by electrical and synaptic 
activity in both the hippocampus and the cerebral 
cortex. More recently, acute administration of 
neurotrophins to hippocampal cultures has been 
found to increase synaptic transmission, probably 
by regulating the efficiency of exocytosis in hip- 
pocampal neurons. Moreover, this increase in syn- 
aptic transmission results in an enhancement of 
long-term potentiation (LTP), a form of synaptic 
plasticity thought to constitute the cellular basis 
of learning and memory. Interestingly, the effects 
of TrkB ligands on synaptic plasticity in hippo- 
campal neurons seem to be very specific, since 
blockade of TrkB binding does not affect basal 
synaptic transmission, but prevents the induction 
and maintenance of LTP by certain specific tem- 
poral patterns of stimuli. Thus, TrkB ligands are 
required for synaptic plasticity-dependent pro- 
cesses, including learning and spatial memory, 
two of the main functional features of the hippo- 
campus. 

28.11 

From Studies on Nervous System Development 
to Therapeutic Agents 
in Neurodegenerative Diseases 

An accumulated knowledge on the biology of neu- 
rotrophins has opened up the possibility of bene- 
ficially using these factors clinically. To illustrate 
that the advances in understanding the mecha- 
nisms of construction of an organism can yield 
important information on how to repair it, a few 
examples will be discussed where neurotrophic 
factors could be used as therapeutic agents in 
neurodegenerative disorders. We would like to 
stress that these are just a few selected examples, 
as implications as to their usefulness have been 
demonstrated for a variety of different neurode- 
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generative disorders such as motor neuron dis- 
eases, Parkinson’s disease, Alzheimer’s disease, as 
well as for diabetic neuropathy and several other 
different forms of peripheral neuropathies. How- 
ever, it is also important in this context to ac- 
knowledge that there is a long way to go from 
having effects in animal models to having thera- 
peutic drugs in the clinic. 

28 . 11.1 

The Inner Ear 

Damage or loss of either spiral ganglion neurons 
or hair cells causes hearing impairment. Such 
hearing disorders are often permanent and can be 
caused by therapeutic agents, such as aminoglyco- 
side antibiotics and cisplatin, or by ageing, loud 
sounds, infections and mechanical injury. Despite 
the fact that the physiological and morphological 
aspects of ototoxicity have been extensively stud- 
ied over the years, the molecular mechanisms un- 
derlying hearing deficit are just beginning to be 
understood. In an experimental model for amino- 
glycoside toxicity leading to both hair cell dam- 
age and a near-complete loss of auditory neurons 
in the adult guinea pig, NT-3 is able to fully pre- 
vent the loss of the auditory neurons, whereas 
hair cells remain susceptible to the toxicity. Con- 
verse results are obtained using an antagonist for 
the glutamate NMDA receptor. Hair cell, but not 
neuronal, damage is prevented by the administra- 
tion of the NMDA antagonists. Because both hair 
cells and neurons are necessary for hearing, 
neither the treatment with NT- 3 nor with NMDA 
antagonists prevents hearing impairment. How- 
ever, the combined treatment with NT-3 and 
NMDA antagonists fully prevents hearing loss 
caused by noise or chemicals. Although it re- 
mains to be seen whether clinically viable, the 
studies on the developmental roles of NT-3 have 
provided essential knowledge for a giant leap to 
be taken from having no means of preventing 
neuronal and organ of Corti damage, to having 
candidate drugs with protective properties. 



28 . 11.2 

The Locus Coeruleus 

The locus coeruleus is the main noradrenergic 
center in the brain. Neurons in this nuclei show a 
very widespread projection pattern, including 
most brain regions and the spinal cord. As a con- 
sequence of this anatomical arrangement, the lo- 
cus coeruleus participates in many diverse brain 
functions, including, for instance, balance, atten- 
tion and memory. Locus noradrenergic neurons 
are for some unknown reason more vulnerable to 
neurodegenerative disorders than other CNS neu- 
rons. It is known, for instance, that neurons in 
this nuclei die in the course of most neurodegen- 
erative disorders affecting the CNS. Amongst 
them it is worth mentioning Alzheimer’s disease, 
Down’s syndrome, Parkinson’s disease. Pick’s dis- 
ease, Huntington’s disease and progressive supra- 
nuclear palsy. 

Interestingly, neurons in the locus coeruleus 
express the p75, trkB and trkC receptors, suggest- 
ing that these neurons may respond to neurotro- 
phins. According to this, both NT-3 and NT-4 are 
able to promote the survival of locus noradrener- 
gic neurons in vitro, and NT-3 prevents the 6-hy- 
droxydopamine-induced degeneration of locus 
coeruleus neurons in vivo. More recently, a novel 
neurotrophic factor, the glial cell-line derived neu- 
rotrophic factor (GDNF), has been found to very 
potently promote the survival and phenotypic dif- 
ferentiation of noradrenergic neurons in the locus 
coeruleus, which also express the GDNF recep- 
tors, c-ret and GDNF receptor-alfal. However, 
GDNF (but not NT-3) has been found to very po- 
tently induce sporouting and hypertrophy of nor- 
adrenergic neurons in vivo, suggesting that the 
neurotrophic activities of these molecules are par- 
tially overlapping and distinct. These studies have 
provided some insights on the trophic require- 
ments of locus coeruleus neurons and on possible 
therapeutic applications of neurotrophic factors. 
In particular, the potency of the neurotrophic ac- 
tivities of GDNF makes this molecule an attrac- 
tive candidate for the treatment of neurodegen- 
erative disorders. However, because many differ- 
ent populations of cells respond to any given neu- 
rotrophic factor, it seems likely that the future 
therapeutic application of these molecules will 
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greatly depend on the development of techniques 
to selectively deliver neurotrophic factors to lim- 
ited populations of neurons. 

28.12 

Summary and Outlook 

Neurotrophins play critical roles during the con- 
struction of the peripheral and central nervous 
systems. The four members in the neurotrophin 
family, NGF, BDNF, NT-3 and NT-4 have similar 
activities but show a high degree of specificity to- 
wards selective subpopulations of neurons, which 
is particularly remarkable in the peripheral ner- 
vous system. The neurotrophins have major roles 
in the control of neuronal survival, differentiation, 
axonal and dendritic remodelling and synaptic 
transmission and they are active both during ner- 
vous system development and in the adult. 

A continued molecular and genetic investiga- 
tion of the physiology of neurotrophins in ner- 
, vous system development will provide a more de- 
tailed understanding and insight into the specific 
roles and functions of neurotrophins. Current and 
future approaches involve the establishment and 
studies on conditional gene-targeted mice, trans- 
genic mice extopically overexpressing neurotro- 
phins or scavenging antibodies, and the engineer- 
ing of neural progenitor cells or viruses to over- 
express these molecules in different tissues and at 
different developmental stages. 

An important issue to address is whether neu- 
trophin-induced cell death is a fundamental 
mechanism in nervous system development. If 
neurotrophins are proven to promote cell death in 
different neuronal systems in vivo, the classical 
concept of neurotrophins being survival- promot- 
ing factors will have to be revised to include also 
their role in induction of cell death. 

Another area about which relatively little is 
known is signal transduction by trk receptors, the 
p75NTR, and the similarities and differences in 
cell death signal cascades induced by neurotro- 
phin administration and withdrawal. Large leaps 
in identifying molecules and understanding their 
function in signal transduction pathways of tyro- 
sine kinase receptors, serine/threonine kinase 
receptors and cell death signalling receptors are 



being currently undertaken. For instance, gene 
knock-in experiments in mice have shown that 
different signalling pathways of the Met tyrosine 
kinase receptor are reqruited for liver, placental 
and muscle development, respectively. Recent re- 
sults have now also confirmed an essential and 
exclusive role of the PI3K signal transduction 
pathway in neurotrophin-mediated survival of 
neurons. It is likely that distinct enzymes and 
adaptor proteins, or perhaps different kinetics of 
signalling components are responsible for eliciting 
the distinct effects of neurotrophins on survival, 
differentiation, synaptic transmission and on axo- 
nal remodelling. 

Finally, the ultimate challenge for the future 
will be to explore the interactions and links be- 
tween patterning molecules, inductive molecules, 
growth factors, molecules involved in attraction/ 
repulsion and neuronal activity. Such integrated 
knowledge may provide a framework for under- 
standing how the nervous system is constructed 
in vertebrates. 
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29 Olfactory Receptor Gene Regulation 
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29.1 

Introduction 

The mammalian olfactory system recognizes and 
discriminates a vast array of odorant ligands. The 
number of odors that can be distinguished is on 
the order of tens of thousands. Recognition is ac- 
complished, initially, by members of a family of 
1000 odorant receptors. Thus the olfactory system 
rivals the immune system in its ability to recog- 
nize a large number of molecules. While the im- 
mune system faces a complex problem in discrim- 
inating the universe of antigens, the olfactory sys- 
tem faces a further challenge: it must convey to 
the brain a conscious appreciation of the fine dis- 
tinctions between odor molecules. 

29.1.1 

Odorant Receptor Genes 

A few years ago, a multigene family of seven 
transmembrane domain proteins, likely to encode 
the odorant receptors, was discovered. Screens of 
genomic libraries indicate that the family of odor- 
ant receptors may include as many as 1000 genes 
in mammals, whereas in fish this family is far 
smaller, reflecting a more limited repertoire of 
perceived odors. The mammalian odorant recep- 
tor genes reside in ten or more large arrays in the 
genome. The largest array characterized to date is 
a 350-kb array in the human genome that con- 
tains at least 16 odorant receptor genes (Ben-Arie 
et al. 1994). 

The presence of a large number of odorant re- 
ceptor genes with diverse sequences suggests that 
the recognition of odors in vertebrates is accom- 
plished using many receptors, each of which is 
capable of interacting with a relatively small num- 
ber of odorants. Precise definition of the ligand 



specificity of individual receptors awaits func- 
tional studies. The specific binding of odorants 
causes a rise in cAMP, the opening of cyclic-nu- 
cleotide gated channels and ultimately depolariza- 
tion of the neuron. Action potentials then result 
in the transmission of the signal by the primary 
neurons in the neuroepithelium directly to the ol- 
factory bulb in the brain. 

An accessory olfactory system called the vo- 
meronasal system is also present in mammals and 
mediates responses to pheromones. The receptors 
in the vomeronasal system are seven-transmem- 
brane domain G protein-coupled receptors with 
sequences largely distinct from the main odorant 
receptor genes. Interestingly, some pheromone re- 
ceptors have very long amino terminal extracellu- 
lar domains and it is likely that ligand binding 
occurs in this amino terminal domain. While this 
chapter will focus on the main olfactory system, 
in the future, as details of the organization of the 
vomeronasal system emerge, it will be interesting 
to compare the vomeronasal system with the 
main olfactory system. 

29.1.2 

Receptor Expression in Individual Neurons 

RNA in situ hybridization experiments with odor- 
ant receptor gene probes suggest that individual 
olfactory sensory neurons likely express only one 
or a few receptor genes. In the catfish, which has 
a repertoire of about 100 receptor genes, a given 
receptor subfamily, containing between one and 
six highly homologous genes, is expressed in 0.5 
to 2% of the olfactory neurons. In rodents, which 
have a repertoire of perhaps 1000 genes, a given 
receptor identifies about 0.1% of the sensory neu- 
rons. Moreover, different receptor probes anneal 
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with distinct, largely non-overlapping subpopula- 
tions of neurons. These observations suggest that 
each neuron expresses only one or a small num- 
ber of receptor genes, such that individual olfac- 
tory neurons are functionally distinct. The recog- 
nition of odors may therefore be accomplished by 
determining which neurons have been activated. 
Although it is not formally proven, the expression 
of one odorant receptor gene per neuron will be 
assumed in the rest of this chapter. 

29.1.3 

A Topographic Map^'^ 

How does the brain determine which neurons have 
been activated in order to decode olfactory infor- 
mation from peripheral sensory neurons? It turns 
out that spatial information is used by the olfac- 
tory system to encode the nature of the stimulus. 
Spatial information can be used to encode the na- 
ture of the olfactory stimulus since the olfactory 
system does not detect where in space odorant mol- 
ecules are present. The spatial map is not set up at 
the most peripheral portion of the olfactory sys- 
tem. The cell bodies of neurons expressing a given 
receptor are randomly distributed among neurons 
expressing different receptors. This allows the neu- 
rons expressing a given receptor to sample a larger 
fraction of the air present in the nasal cavity than if 
these neurons were all clustered in one area of the 
neuroepithelium. Mammals have an additional 
layer of complexity in the distribution of the neu- 
rons expressing a given receptor in the olfactory 
epithelium. In mammals, there are a handful of 
zones; each receptor gene is restricted to neurons 
residing in one of the zones. However, within a 
zone, the neurons expressing a given receptor are 
randomly distributed among neurons expressing 
different receptors. The zones may play an impor- 
tant role in the discriminatory power of the olfac- 
tory system. 

How is spatial information used by the olfac- 
tory system to encode the identity of an odorant 
stimulus? It turns out that the topography which 
allows the brain to determine which receptor has 
been activated is established in the projections of 
the primary olfactory neurons to the olfactory 
bulb. There is convergence of the projections of 



neurons expressing a given receptor. The sites of 
convergence are called glomeruli. There are a few 
thousand glomeruli in each olfactory bulb in the 
mouse. Thus, the brain can identify which recep- 
tors have been activated by examining the spatial 
pattern of electrical activity in the olfactory bulb; 
individual odorants are associated with specific 
spatial patterns. This raises two interesting ques- 
tions: first, how does each olfactory neuron 
choose to express a single odorant receptor from 
a family of 1000 genes? Second, how is the choice 
of receptor linked to the precise projection of ol- 
factory neurons? 

29.2 

Transcriptional Regulation 

For a given neuron to choose one gene from the 
thousand or so available probably requires three 
distinct levels of control: 

First, there must be a choice of one odorant re- 
ceptor gene array from among the dozen or more 
arrays in the genome. 

Second, a mechanism must exist to restrict the 
available odorant receptor genes in this array to 
those whose expression is allowed in the zone in 
which the neuron resides. 

Third, there must exist a mechanism to choose 
a single gene in the array for expression. 

29.2.1 

One Olfactory Receptor (OR) Gene 
Is Expressed Per Neuron 

As discussed above, in situ hybridization experi- 
ments suggest that there is only one receptor gene 
expressed per neuron. Additionally, the neurons 
expressing a given receptor gene appear to be 
randomly distributed among neurons expressing 
other receptor genes. The random pattern sug- 
gests a stochastic aspect to the mechanisms regu- 
lating odorant receptor gene expression. A num- 
ber of experiments indicate that olfactory neurons 
choose an odorant receptor gene prior to the for- 
mation of connections to the olfactory bulb. 
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29.2.2 

Chromosomal Arrays of OR Genes 

OR genes are present at twenty or more loci in 
the mouse and human genomes. The largest odor- 
ant receptor gene array described is a 350-kb ar- 
ray on human chromosome 17 which contains at 
least 16 genes. This array was analyzed by exam- 
ining a cosmid contig which covered the entire lo- 
cus. The average spacing of the genes was 20 kb. 
It is possible that the array is even larger than 
was described. In the mouse, a number of studies 
have identified olfactory receptor gene arrays in 
the genome. One study used an analysis of multi- 
locus crosses between related mouse species to 
identify a number of loci encoding odorant recep- 
tors. Another series of experiments identified a 
number of distinct loci using the technique of 
two-color FISH (fluorescence in situ hybridiza- 
tion). Unlike the human study, the studies in 
mouse have not specified the number of genes 
present at the various loci. 

29.2.3 

Monoallelic Expression ^ 

Monoallelic expression of odorant receptor genes 
represents an important clue to mechanisms un- 
derlying odorant receptor gene regulation. The 
experiments demonstrating that neurons express- 
ing a given receptor transcribe this receptor gene 
from only one of the two alleles required solving 
two problems: (1) distinguishing the transcripts 
from the maternal and paternal alleles of a given 
gene, and (2) isolating individual neurons ex- 
pressing a given gene, as such neurons represent 
0.1% of the total neurons in the olfactory neuro- 
epithelium. The first problem was readily solved 
by analyzing the progeny of an Fi cross between 
Mus spretus and Mus musculus mice, which had 
previously been demonstrated to contain poly- 
morphisms in an odorant receptor gene, 17. 

The problem of analyzing individual neurons 
expressing the 17 odorant receptor gene was 
solved using a procedure called limiting dilution 
(explained below), which allowed the examination 
of individual olfactory neurons without isolating 
them. Limiting dilution was performed on disso- 



ciated olfactory neurons to obtain pools of cells 
containing either large numbers of cells or small 
numbers of cells (200 cells). RNA was extracted 
from multiple pools at each cell density, and ana- 
lyzed for expression of the 17 odorant receptor 
gene by reverse transcription followed by poly- 
merase chain reaction amplification (RT-PCR) 
with 17-specific intron-spanning primers. All 
pools containing large numbers of cells generated 
a PGR product of appropriate size, indicating that 
each of these pools contains at least one cell ex- 
pressing the 17 gene. Only one in ten pools con- 
taining 200 cells expressed the 17 gene. Statistical 
analyses indicated that these rare 200 cell pools 
were likely to contain only a single I7-expressing 
cell. Only one in ten 17-positive pools should con- 
tain two I7-expressing cells. This limiting dilution 
approach therefore allowed the examination of ex- 
pression of the 17 gene from a single cell without 
isolating the individual cell. Each RT-PCR prod- 
uct from a rare positive pool represents the 17 
mRNA present in an individual cell. 

The analysis demonstrated that odorant recep- 
tor expression derives exclusively from one of two 
alleles. As many cells express the maternal and 
paternal allele. The random expression of either 
the maternal or paternal allele in individual neu- 
rons demonstrates that this phenomenon is not 
the consequence of parental imprinting. (Im- 
printing by definition would require that all olfac- 
tory neurons express the maternal allele or all ol- 
factory neurons express the paternal allele.) Ana- 
lyses of another odorant receptor gene, located on 
a different chromosome, revealed similar results. 
These data demonstrate that in an individual neu- 
ron expressing a given odorant receptor, expres- 
sion derives exclusively from either the maternal 
or paternal allele, but not both. The data are 
therefore consistent with cis-regulatory models in 
which the alleles encoding odorant receptors are 
regulated independently. 



29.2.4 

Asynchronous Replication ^ 

The observations presented above clearly indicate 
that an individual neuron expresses only one of 
two alleles encoding a given odorant receptor. 
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This could reflect the stochastic activation of a 
different receptor gene from the maternal and pa- 
ternal (allelic) arrays. Alternatively, there could be 
silencing of not only the second allele of the ex- 
pressed gene, but of all the genes linked to this 
second allele in a given odorant receptor array. A 
distinct line of study, presented below, suggests 
that indeed one of the two allelic arrays (for all 
odorant receptor gene loci in the genome) is si- 
lenced prior to development of the olfactory 
epithelium. Thus, an individual neuron, when it 
chooses a receptor gene for expression, chooses 
only a single odorant receptor from a single allel- 
ic array. The evidence that such allelic inactiva- 
tion is occurring derives from an analysis of the 
replication timing of members of the odorant re- 
ceptor gene family. 

Before the odorant receptor genes were stud- 
ied, asynchrony of replication had been pre- 
viously observed in imprinted genes and X-inacti- 
vated genes. Other genes are synchronously repli- 
cated. Therefore, an observation of asynchronous 
replication of a given gene suggests that this gene 
will be monoallelically expressed. Replicative 
asynchrony can be observed in many cell types, 
even cells which do not transcribe a given gene. 
Various odorant receptor genes were examined 
using FISH and found to be asynchronously repli- 
cating. Even primary embryo fibroblasts (which 
do not give rise to olfactory neurons) demon- 
strate this asynchrony of replication indicating 
that the asynchrony is established early in devel- 
opment. The asynchrony is random with respect 
to parental allele, consistent with the transcrip- 
tional studies. Thus these data provide indirect 
evidence for allelic inactivation of odorant recep- 
tor genes early in embryonic development. 

29.3 

A Model for Odorant Receptor Gene Regulation^ 

The presence of large arrays of receptor genes 
supports the idea that the mechanism for choos- 
ing'a given odorant receptor involves the stochas- 
tic choice of one gene from a linked array by a 
single enhancer element which can activate only 
one gene. Inherent in any model of stochastic cis- 
regulation is that the two alleles are indepen- 



dently regulated. Thus, the observation that ex- 
pression of a given gene derives either from the 
maternal allele or the paternal allele, but not from 
both supports a model of stochastic cfs-regulation 
of the odorant receptor genes (Fig. 1). The first 
step in this model is the random inactivation of 
either the maternal or paternal array of each 
odorant receptor locus in all cells of the develop- 
ing embryo prior to olfactory neurogenesis. The 
second step, which occurs during olfactory neuro- 
genesis, is the choice of one chromosomal locus 
by each olfactory neuron. In the third step, a cis- 
regulatory element directs the stochastic expres- 
sion of only one gene from the one active allelic 
array. Possible mechanisms for this choice include 
DNA rearrangement similar to the mechanism 
underlying immunoglobulin gene regulation, and 
enhancer looping where a single enhancer ele- 
ment winds up near the gene it activates creating 
a loop of the DNA between the enhancer and the 
gene. (For simplicity, the restriction of a given 
neuron to receptors appropriate to its epithelial 
zone is not depicted in the model. A simple mod- 
el for how the zonal restriction of expression is 
accomplished invokes a zone-specific transcrip- 
tion factor(s) that dictates which receptor genes 
are available within a linked array.) This cfs-sto- 
chastic model accounts for all the odorant recep- 
tor expression data which have accumulated re- 
cently. 

Other models require one or another observa- 
tion to be set aside. For example, let us for a mo- 
ment consider a model in which there is a specif- 
ic combination of transcription factors which acti- 
vate each individual gene to the exclusion of all 
other genes. This model is similar to the model of 
regulation of many genes. If this type of model 
were correct, the specific combination of tran- 
scription factors should activate both alleles. 
However, only one of the two alleles is expressed. 
Thus, a standard transcription factor model is 
less satisfying. 

Another model is one in which a limiting tran- 
scription factor complex, perhaps even one com- 
plex per cell, is capable of activating any of the 
thousand odorant receptor genes. Only one allele 
of one gene is activated by virtue of the fact that 
there exists only one such complex in a given 
neuron. If this model were correct, there would 
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Fig. 1. A model for olfactory receptor gene 
regulation. A First step: allelic inactivation. 
Rectangles represent receptor genes; squares 
represent czs-regulatory elements which 
choose one receptor from a linked array; 

Xs represent inactivation of the entire allelic 
array. Only three chromosomal loci encod- 
ing olfactory receptors are depicted. Only 
receptors expressed in one of the four zones 
are depicted in this model; other receptors 
expressed in different zones are not de- 
picted. B Second step: choice of genomic 
locus. During olfactory neurogenesis, each 
neuron chooses one of the chromosomal ar- 
rays, rendering it available for the activation 
of one receptor in step 3. C Third step: 
choice of receptor. Rearrangement or en- 
hancer looping mediates the choice of one 
receptor gene from the linked array. The czs- 
regulatory element, depicted by the square 
boXy mediates the choice. If rearrangement 
is the mechanism, either gene conversion 
moves the receptor gene to a new location 
adjacent to the cis element, or the interven- 
ing DNA is removed in a manner similar to 
VDJ recombination in lymphocytes 
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be no reason to have allelic inactivation at all 
odorant receptor gene loci. The asynchrony of re- 
plication observed at all examined odorant recep- 
tor gene loci, thus argues against a limiting tran- 
scription factor complex model. 

29.4 

Evolution and the Regulation of the Genes 

One attractive aspect of the stochastic cfs-regula- 
tion model is that it allows for the expansion 
(and contraction) of the gene family over evolu- 
tionary time. For example, if there is a mecha- 
nism in place to select one array in the genome 
and leave the others silent, then it does not mat- 
ter how many arrays the odorant receptor genes 
reside in; one array can always be chosen. Simi- 
larly, if there is in place a mechanism which al- 
lows only one gene from a given array to be cho- 
sen, then expansion of the number of genes at 
this array does not perturb the mechanism assur- 
ing that only a single receptor gene is transcribed 
in each cell. Expansion and contraction of the 
odorant receptor gene family is clearly important 
evolutionarily. Thus, the ability of the stochastic 
cfs-regulation model to accommodate such 
changes in gene number is very important. 

29.5 

Choice of Receptor and Axon Guidance^ 

The observation that choice of an odorant recep- 
tor is stochastic has led to the idea that neuronal 
specification is a consequence of receptor choice. 
Our current knowledge of signal transduction in 
olfactory neurons suggests that all olfactory neu- 
rons have the same signal transduction apparatus. 
What makes a given neuron different from other 
neurons is the receptor it expresses and its axonal 
projection. One intriguing model is that the odor- 
ant receptor itself dictates axon guidance. Two re- 
cent experiments indicate that the odorant recep- 
tor is involved in axon guidance. First, when the 
coding sequence of a single odorant receptor is 
either removed entirely, or mutated so that it can- 
not encode a functional receptor, the neurons ex- 
pressing the knocked-out receptor gene have per- 



turbed axon guidance. The neurons expressing 
the knocked-out receptor were analyzed using a 
tau-lacZ marker placed downstream of the coding 
region, after an internal ribosome entry site 
(IRES). Such a marking of an odorant receptor 
gene allows visualization of the projections of ol- 
factory neurons without perturbing those same 
projections. The axons expressing the knocked- 
out receptor project back to the bulb seemingly 
normally. However, instead of proceeding to con- 
verge on an individual glomerulus, the axons 
wander around in the outer nerve layer in a seem- 
ingly random pattern and never penetrate any 
glomeruli. 

The results of these knockout experiments in- 
dicate that the expression of the odorant receptor 
is required for axon guidance. Further experi- 
ments asked if the actual encoded odorant recep- 
tor determines the axon guidance properties of 
neurons that have chosen that receptor. An alter- 
native model would be that any functional recep- 
tor is sufficient to allow appropriate axon guid- 
ance. To delineate between the two models, a 
number of mice were created in which individual 
odorant receptor genes were substituted for other 
odorant receptor genes. The experimental manip- 
ulations to create these mice involved replacing 
the coding region of one receptor in the germline, 
with the coding region of another receptor. 

The results of these receptor substitution ex- 
periments indicate that the nature of the receptor 
does indeed play a role in axon guidance, direct- 
ing neurons to specific glomeruli. However, the 
receptor is not the only determinant. In one case 
where the receptor genes are from the same 
genomic locus and are expressed in the same 
zone, the neurons project to a glomerulus adja- 
cent to the donor glomerulus. (This slight imper- 
fection of targeting could be due to a different 
level of receptor expression in the knock-in ex- 
pressing neurons.) Thus, the receptor may be the 
key determinant of precise projection. One mech- 
anism by which the receptor can play an instruc- 
tive role is that the receptor may be present on 
growth cones of axons and receive guidance cues 
from the bulb. An alternative but less likely possi- 
bility is that the receptor may initiate intracellular 
signaling events leading to the expression of dis- 
tinct axon guidance molecules. 
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Other receptor substitution experiments indicate 
that the zone in which a neuron resides apparently 
plays a role and it is also possible that the chromo- 
somal locus from which a receptor derives plays a 
role in dictating axon guidance. Thus, while the re- 
sults indicate that the odorant receptor plays an in- 
structive role in determining axon guidance, further 
experiments will be required to determine the roles 
of other factors, besides the actual receptor itself. 

29.6 

Outlook 

In the next few years, the exact role of the odor- 
ant receptor itself in axon guidance should 
emerge. The results of these studies will be inter- 
esting, not only for what they tell us about the ol- 
factory system, but because they may also give us 
clues to the regulation of axon guidance in other 
areas of the developing brain. 

Studies are also underway to analyze the proces- 
sing of olfactory information by higher order neu- 
rons in a variety of species. Imaging studies are get- 
ting more precise and can now be done in real time. 
Along with electrophysiologic studies, imaging 
should provide insights into the processing of olfac- 
tory information. Analyses of information proces- 
sing by higher order neurons will also benefit from 
the recent delineation of the peripheral organiza- 
tion of the olfactory systems of a number of species. 

Another interesting line of study involves efforts 
to understand the regulation of odorant receptors. 
How does a mammalian neuron choose just one re- 
ceptor? The choice of a given receptor from a linked 
array could be accomplished by DNA rearrange- 
ment in a manner similar to the way in which the 
immune system chooses one of many immunoglob- 
ulin variable region genes for expression. Alterna- 
tively, a non-rearrangement mechanism in which 
a single enhancer can only activate one gene in a 
linked array could mediate odorant receptor gene 
choice. Finally, another question currently being 
explored is the extent of degeneration of the hu- 
man olfactory system. Recent data indicate that 
many odorant receptor genes in the human ge- 
nome are indeed pseudogenes, consistent with the 
observed decrease in human olfactory capabilities 
as compared to other animals. 



29.7 

Summary 

The peripheral organization of the olfactory sys- 
tem has emerged in studies using the cloned 
odorant receptors as molecular probes. Individual 
neurons appear to express one of the thousand 
distinct odorant receptor genes. The neurons ex- 
pressing a given receptor are randomly distribut- 
ed amongst neurons expressing other receptors. 
However, neurons expressing a given receptor 
project to discrete loci in the olfactory bulb. Thus, 
the brain can determine which receptors have 
been activated by examining the spatial pattern of 
activity in the olfactory bulb; individual odorants 
are associated with specific spatial patterns. The 
organization of the mammalian olfactory system 
raises interesting mechanistic questions. How 
does each olfactory neuron choose to express a 
single odorant receptor from a family of 1000 
genes? How is the choice of receptor linked to the 
precise projection of olfactory neurons? 

Little is known about the actual molecular 
events underlying the transcriptional regulation 
of the odorant receptor genes. However, over the 
past few years, a number of interesting observa- 
tions have emerged which constrain potential 
models for the transcriptional regulation of the 
odorant receptor genes. The exciting possibility 
that somatic DNA recombination is involved in 
receptor choice is being actively investigated. As 
for the question of how olfactory neurons make 
specific connections in the olfactory bulb, the re- 
sults of receptor substitution experiments indicate 
that the nature of the receptor does indeed play a 
role in axon guidance, directing neurons to spe- 
cific glomeruli. However, the receptor is not the 
only determinant. The next few years will hope- 
fully bring answers about the exact role of the 
odorant receptor itself in axon guidance. The re- 
sults of studies of odorant receptor gene regula- 
tion and axon guidance may give us clues to the 
regulation of gene expression and axon guidance 
in other areas of the developing brain. 
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30.1 

Introduction ^ 

Cancer research over the past decades has taught 
us that more than 80% of human cancers are 
sporadic with no obvious hereditary contribution 
and that they arise through gene acquisitions or 
by gene losses. These genetic changes (mutations) 
can occur spontaneously or as a result of expo- 
sure to environmental factors. Classical epidemio- 
logical cancer studies in humans as well as re- 
search with animal models strongly suggest that 
the transition of a normal, often single cell into a 
tumor cell with metastatic potential is a process 
that involves several steps. The multistep nature 
of tumor development is manifested in distin- 
guishable histological and temporal stages. These 
stages range from normal tissue to hyperplasia 
with highly proliferating cells to dysplasia with 
the induction of new blood vessel formation (an- 
giogenesis) and finally to solid tumors and meta- 
stasis. Each step is based on sequential genetic 
changes that can involve chromosomal changes 
such as chromosomal losses or duplications as 
well as changes in individual genes, such as onco- 
genes, tumor suppressor genes (TSGs) and genes 
involved in cell death pathways. 

Oncogenes, which originally were identified as 
the transforming genes in viruses, are altered 
forms of normal cellular genes called proto-onco- 
genes. Oncogene products regulate normal cell 
proliferation and differentiation and include tran- 
scription factors, growth factors and their recep- 
tors, as well as those mediating growth signals. 
TSGs encode proteins that function in growth 
regulatory or differentiation pathways, and loss of 
their function leads directly to cancer cells. While 
TSGs are likely to be directly involved in growth 
inhibition or differentiation, many “tumor suscep- 



tibility genes” are likely to have a more passive 
role in tumor growth. Their inactivation in a cell 
leads to an increased rate of mutation in other 
genes, e.g., oncogenes, tumor suppressor genes 
and to genomic instability, which can indirectly 
promote cell proliferation. Apoptosis, or pro- 
grammed cell death, is a physiological event by 
which multicellular eukaryotic organisms elimi- 
nate unwanted cells and therefore is a critical 
component of development and homeostasis. 
Apoptosis can be induced by cell cycle check- 
points usually controlled by tumor suppressor 
gene products that detect abnormally replicating 
cells and induce cell death. Therefore, inhibition 
of apoptosis or promoting cell proliferation is fre- 
quently an essential step in the process of tumor 
development. 

The activation of oncogenes, the inactivation of 
TSGs and the altered expression of genes control- 
ling cell survival and apoptosis, but also genes 
affecting cell adhesion and cell migration are all 
implicated in the development of tumors. The ge- 
netic basis for tumor development and the reali- 
zation that cancer is a disease of “our genes” is 
now generally accepted, yet the genetic interac- 
tions responsible for the individual stages of tu- 
mor progression are largely unknown. It is diffi- 
cult to determine whether the observed genetic 
changes are the cause or consequence of tumor 
development because of the lack of a model sys- 
tem which would allow the dissection of each step 
of oncogenesis in human tumor samples. These 
questions can best be addressed using an animal 
model system in which the various steps of tumor 
initiation and progression can be genetically ana- 
lyzed, for example by overexpressing dominant 
oncogenes or by inactivating TSGs in a controlled 
genetic environment. The possibility of investigat- 
ing the function of potential cancer predisposing 
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genes in vivo has a great advantage over any in 
vitro system, such as cell culture. This is because 
tumor development in vivo is very complex and 
involves features not easily reproduced in a Petri 
dish, such as hormones and lymphokines, the 
host immune response, cell/cell and cell/matrix 
interactions and the influence of the environment. 
In addition, genetically modified mice harboring 
specific tumor types offer the possibility to test 
potential therapeutic applications. 

This chapter attempts to summarize the pro- 
gress in the use of genetically modified mice as 
models for human tumors with the emphasis on 
selected examples, thereby focussing on the simi- 
larities and differences between murine and hu- 
man cancers. 

30.2 

Genetically Modified Mice 
to Study Tumor Development^'^ 

One of the most powerful systems for the molecu- 
lar analysis of tumor development has resulted 
from the ability to manipulate genes in the mouse 
germline by deriving transgenic mice with novel 
expression patterns and by generating “knock- 
out” mice through targeted disruption of endoge- 
nous genes postulated to be involved in tumor de- 
velopment. Two major genetic approaches namely 
gain of function and loss of function studies are 
commonly used: 

1. Genes of interest can be overexpressed or inap- 
propriately expressed in mice following DNA- 
microinjection into mouse zygotes. Lines of 
mice generated by this technique which ex- 
press foreign genes are termed “transgenic” 
and they not only carry the gene in all somatic 
cells, but also in the germ cells and thus allow- 
ing transmission of the transgene to offspring 
(Fig. 1). Transgenes can either be expressed in 
certain tissues at specific time windows using 
tissue- and developmental-specific promoters, 
or expressed in a wide range of tissues if an 
ubiquitous promoter is used. This gain of func- 
tion approach has been extensively used to 
overexpress oncogenes, growth factors/recep- 
tors and dominant negative mutant genes and 
thereby a large number of lines of transgenic 



mice with a heritable predisposition to develop 
specific cancers have been produced (Table 1). 
Variable expression patterns and levels result- 
ing from the random integration of multiple 
transgene copies are clearly a problem with 
this approach. 

2. The second approach is to inactivate a specific 
gene by gene targeting technology in embryo- 
nic stem (ES) cells which are then used to gen- 
erate mice with loss of function mutations, the 
so-called “knock-out” mice (Fig. 1). This strat- 
egy is often used for studying the normal bio- 
logical function of individual genes including 
the cancer-associated genes. There are data- 
bases from which one can retrieve detailed 
information on these genetically modified 
mouse strains (http://www.bioscience.org/ 
knockout/knochome.htm and http://bioMed- 
Net.com/db/mkmd and see Table 2). However, 
many gene knock-out studies have not given a 
definitive answer regarding their tumor suppres- 
sing functions because the absence of these 
genes caused embryonic lethality due to their es- 
sential function in fundamental cellular pro- 
cesses, such as DNA replication, cell cycle pro- 
gression and cell proliferation. To overcome this 
problem and to provide a more accurate control 
of the onset of inactivating gene function, condi- 
tional knock-out strategies have been developed 
to specifically delete the gene in a time- and tis- 
sue-specific manner. However, up to now only 
very few mouse models for cancer have been 
established with these novel tools. 

A refinement of the standard transgenic or 
knock-out approach is to generate mice that de- 
velop tissue- or stage-specific tumors. These mice 
offer an improved tumor model since they reflect 
the fact that cancer starts as an aberration of a 
single cell within a normal tissue. Although such 

► 

Fig. 1. Generation of mutant mice by DNA injection and 
gene targeting. The two major approaches transgenic (i) 
and knock-out (2) are schematically outlined. Germline 
transmission is indicated in one offspring for the trans- 
genic approach and three offspring from the germline chi- 
maera for the knock-out approach, indicating that at least 
the coat color marker has been transmitted with 100% effi- 
ciency 
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an approach has not yet been widely used, a 
broad range of tumor types can now be generated 
in mice by regulated expression of “relevant” 
genes. These mice often recapitulate the ontogeny 
of tumorigenesis through a series of reproducible 
temporal and histological stages that are acces- 
sible to molecular analysis and which are similar 
or identical to human cancers. However, despite 
these points of similarity, there are several signifi- 
cant differences between murine and human can- 
cers - as there are between mice and man - 
which must be taken into consideration. For ex- 
ample, the life span of mice may prevent the de- 
velopment of metastasis because of earlier death. 
The size differences as well as differences in body 
temperature, and also certain aspects of metabo- 
lism and the particular genetics of individual 
mouse strains may all influence the quality of a 
specific mouse model for cancer. Nevertheless, 
mouse models have clearly been useful thus far 
and provide a powerful tool to understand the 
molecular mechanisms of tumorigenesis. In par- 
ticular, genetically modified mice, as well as being 
instrumental to define the function of a gene in 
relation to tumor progression, are also essential 
to understand gene function in normal develop- 
mental processes. The comparative study of gene 
function in development and in disease provides 
valuable novel insights into the genetic networks 
operating in complex biological processes. 

30.3 

Transgenic Mouse Models 
of Human Tumors 

Two strategies of overexpressing oncogenes have 
been taken, either using a promoter which directs 
tissue- and developmental specific expression of 
the transgene or a general strong promoter pro- 
viding overexpression of the transgene in a broad 
widespread pattern in most organs of the adult 
mouse. Both approaches are very useful and the 
decision to use one or the other depends on the 
specific biological question. The phenotype of 
mice obtained by overexpressing a particular on- 
cogene with a tissue-specific promoter will de- 
pend on the given oncogene, thereby elucidating 
its cell-type-specific function. Transgenic strains 
also offer the possibility to study oncogene coop- 



eration by crossing one transgenic strain with 
several others. These types of studies are used to 
test if two genes function either in the same or 
complementary pathway, e.g., a dominant acting 
oncogene with an anti-apoptotic gene. Results 
from analysis of double transgenic mice reinforce 
the notion that a single gene only predisposes to 
cancer whereas the collaboration of multiple on- 
cogenes is required for tumor development. The 
disadvantages of this approach are that often dou- 
ble transgenic mice have a poor viability and fer- 
tility and that the genetic background of the 
mouse strain may influence the outcome of such 
an experiment. 

Ideally, one would want to have a mouse model 
for every major human cancer, such as for lung, 
liver, brain, breast, stomach, colon-rectum, cervix, 
ovary, prostate, lymphoma and oesophagus. Nu- 
merous attempts are being made towards this 
goal; presently only a limited collection of mouse 
models is available. In Table 1 we have summa- 
rized a list of representative studies on cancer 
models using transgenic mice. Other even more 
comprehensive lists of previous investigations 
have already appeared elsewhere. We will briefly 
discuss three mouse models which resemble hu- 
man cancers and which provide some molecular 
insights into the mechanisms of tumor develop- 
ment. 

30.3.1 

Skin Cancer^ 

Tumors of the skin are frequently occurring human 
cancers and their incidence is steadily increasing. 
Mouse skin has been used as a model for human 
squamous cancer for decades and from this model 
the definition of tumor initiation, promotion and 
malignant conversion has arisen. To generate a 
mouse model for understanding the mechanism 
underlying this malignancy, transgenic mice have 
been generated using keratin promoter driven H- 
ras because H-ras oncogene is often activated in 
chemically-induCed mouse skin tumors. Mice over- 
expressing this oncogene develop epidermal hyper- 
plasia and papiljomas. 

A well studied model, whereby different stages 
of squamous cell carcinoma (SCC) develop repro- 
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Table 1* Selected cancer models in transgenic 


mice overexpressing oncogenes 




Tumor type 


Transgene vector 






Promoter 


Oncogene 


Breast cancer 


Mammary carcinoma 
Skin cancer 


MMTV /WAP 


myc 
H-ras 
TGFu 
€-neu 
cyclin D1 


Epidermal hyperplasia/papilloma 


Human keratin 1 


v-fos 

TG¥n 

v-ras 


Hy perke rates i s/pap illoma 


Human keratin 10 


H-ras 


Epidermal hyperplas la/ papi 1 lo m a 


Human keratin 14 


TGF« 


Dermal hyperplasia 


H2K 


v-jun 


Squamous cell carcinoma 


Human keratin 14 


HPV-16 


Basal cell carcinoma 


Human keratin 14 


Shh 


Liver cancer 


Hepatocarcinoma 


MT’* 


TGFu 


Pancreatic cancer 


Albumin 


SV40 T 

ras 

HBV 


Pancreatic carcinoma 


Insulin 


SV40 T 




Elastase 1 


ras 


Lymphoid malignancy 


B lymphoma 


IgEn 


c-myc 
SV40 T 


Plasmacytoma 




v-ahl 


Pre-B and T lymphoma 




v-abi 


Plasmacytoma 




bet -2 


T lymphoma 


Thyl 


myc 
SV40 T 


Bone tumors 


Osteosarcoma 


Protamine 


SV40T 


Osteosarcomas 


Amylase 


SV40T 


Bone hyperplasia 


MT 


c-fas 


Osteosarcomas 


H2K 


C’fos 


C hondrosa rcoma^ 


MT 


c-fos 



* MT: meiallolhioncm. 

^ Phenotype in ES. Fos* chimeras. 



ducibly, is that utilizing mice expressing the viral 
oncogenes such as E6 and E7 of human papillo- 
mavirus type 16 under the control of the human 
keratinH promoter In these mice, skin keratino- 
cytes faithfully recapitulate the stages of SCC de- 
velopment in humans, from hyper proliferation to 
the premalignant lesion with upregulation of FGFs 
and VEGF as well as the angiogenic switch to 
highly vascularized malignant carcinomas remi- 
niscent of human cervical cancers. 



The patched (Ptc) gene has been shown to play 
a central role in vertebrate development, but also 
appears to be responsible for basal cell nevus syn- 
drome (BCNS); patients are highly susceptible to 
various cancers, predominantly basal cell carcino- 
mas (BCCs) of the skin* The Ptc gene functions 
as a Sonic hedgehog (Shh) receptor and is inacti- 
vated by Shh in vitro and in vivo. Transgenic 
mice overexpressing Shh develop BCCs which 
mimic many features of BCNS, This study to- 
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gether witii the notion that a wide spectrum of 
mutations are detected in the Ftc gene suggest 
that PTC is a tumor suppressor molecule which 
plays a specific role in skin tumorigenesis. How- 
ever> disruption of the patched gene {Ptc) in exon 
1 and 2j and in exon 6 and 7 result in lethality in 
homozygous embryos. Heterozygous mutant mice 
survived and did not reproduce the skin pathol- 
ogy but developed some defects reminiscent of 
the BCNS patientSj such as cerebellar medullo- 
blastomas and rhabdomyosarcomas. 

303.2 

Pancreatic Cancer^ 

In order to generate a mouse model for the study 
of pancreatic tumor development » several trans- 
genic lines were derived which resemble the hu- 
man pathology. Transgenic mice expressing SV40 
T antigen under the control of the endocrine-spe- 
cific rat insulin promoter (RipTag) develop beta 
cell carcinomas of the pancreas. These insulino- 
mas arise in a predictable and reproducible man- 
ner, whereby several stages of tumorigenesis can 
be distinguished, Firsh all of the 400 islets in the 
pancreas express T antigen, but only approxi- 
mately 50% of the islets develop hyperplasia, and 



only 10-20% of all islets become angiogenic and 
induce the formation of new blood vessels. About 
2% of the islets develop into weU- differentiated 
solid tumors (adenomas) and, finally, about 0,5% 
progress into de-differentiated invasive carcino- 
mas (Fig, 2), In contrast to humans, metastases 
are usually not found in these mice, probably be- 
cause they first succumb to hypoglycemia with in- 
creased tumor mass. This particularly well-de- 
fined cancer model revealed that an important de- 
terminant of tumor mass is the ratio between 
proliferating and ap opto sing cells and it provides 
a useful model to investigate how tumor cells ac- 
quire resistance towards apoptosis and how the 
onset of angiogenesis is controlled, 

3033 

Bone Tumors^ 

Although these tumors in man are not a major 
cause for cancer mortality, serious attempts to un- 
derstand the pathology of bone and the involve- 
ment of oncogenes in bone tumor development 
have been made using transgenic mice. These 
studies have elucidated how the timing and the 
levels of oncogene expression can affect tumor de- 
velopment in a target tissue, A very specific effect 
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Fig, 2, Multistage tumorigenesis as revealed by transgene tumor development with the frequency of events are shown, 
expression of SV40 T antigen from the rat insulin promoter The question marks indicate that the genes responsible for 
in the endocrine pancreas of mice. The individual stages of tumor progression are at present unknown 
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of oncogene expression associated with bone tu- 
mor development was observed in mice overex- 
pressing c-fo$y a cellular homologne of the viral 
oncogene y-fos. When c-/os is expressed from a 
weak promoter, premalignant bone lesions were 
observed in a fraction of transgenic mice, 
whereas higher expression levels in most tissues 
using the strong H2^ promoter lead to specific os- 
teosarcomas in all mice due to transformation of 
osteoblasts (Fig. 3B). Interest ingly^ c-fos expres- 
sion at an earlier developmental stage in £S chi- 
meric mice leads to chondrosarcomas due to 
transformation of chondrocytes. In contrast, the 
lack of c-fos gives rise to an osteopetrotic mouse 
lacking osteoclasts indicating an essential role for 



c-/os in cells of hematopoietic origin (Fig. 3C). 
These studies have identi6ed the c-fos gene as a 
key regulator of bone cell differentiation and 
transformation in the mouse, but thus far no 
compelling evidence has been obtained for a simi- 
lar role in human tumors. Human osteosarcomas 
have not revealed a mutation in the c-fos gene, 
but are associated with loss of the tumor suppres- 
sor p53 and pRb genes. The involvement of p53 
in bone tumor development is supported by data 
from over expression of mutant p53 in mice which 
develop several tumor types including bone tu- 
mors and from genetic crosses of c-fos transgenic 
mice with p53 -I- mice in which an increase in 
tumor frequency and size was observed. 




fos wt fosTg+ fos-/- 



Fig, 3 A“C, The role of c-Fos in bone tumor development mas (B) and a c-fos knock-out mouse (C) which is osteo- 

and differentiation. X-ray pictures are shown from a wild- petrotic due to the block in differentiation of osteoclasts, 

type (A), a c-fos transgenic mouse with specific osleosarco- the bone-resorbing cell 
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30.4 

Role of Tumor Suppressor Genes (TSGs)^ 

TSGs are different from dominant oncogenes in 
that mutations are recessive or semi-dominant 
and they mostly encode negative regulators of cell 
proliferation. Their loss of function predisposes to 
cancer and, in contrast to oncogenes, both alleles 
must be altered to render a cell susceptible to ma- 
lignant transformation. Mutations in TSGs can oc- 
cur somatically in sporadic forms of the disease, 
but can also occur in the germline of the develop- 
ing embryo. These latter mutations strongly pre- 
dispose to cancer during the lifetime of the indi- 
vidual. In addition, many inherited cancer-sus- 
ceptibility genes that affect DNA repair, replica- 
tion, cell migration and adhesion have recently 
been cloned and biochemically characterized. 

For the majority of TSGs mainly mouse knock- 
out models have been produced (Table 2) which 
contribute not only to a better understanding of 
the mechanisms underlying tumor formation, but 
also to the pathways that regulate normal cell 
growth. The outcome of these mouse studies vary, 
some mimic the relevant human disease fairly 
closely, while others display increased tumor sus- 
ceptibilities to a different range of tumors. Many 
of these studies provide no clear answer to their 
role in tumor development because deletion of 
the gene in the early embryo did not show a pheno- 
type but induced embryonic lethality. The different 
physiology, the genetic predisposition, the life span 
and “lifestyle” between mouse and man may ac- 
count for the unexpected results. A few outstand- 
ing examples from the analysis of TSG functions 
in the mouse are briefly discussed below. 

30.4.1 

Mice Deficient in p53 

and the Retinoblastoma Protein (Rb)^ 

The most thoroughly characterized knock-out 
mouse in cancer research is the mouse that con- 
tains the disrupted p53 gene. In addition to its 
biochemical role as a putative transcription factor, 
the physiological function of p53 has been eluci- 
dated using mice lacking p53. The mice are viable 
but develop a variety of tumor types, including 



lymphomas, osteosarcomas, soft tissue sarcoma, 
brain tumors and carcinomas within 3-6 months 
of age. Interestingly, and in parallel with observa- 
tions of humans with a germline p53 mutation, 
mice with one wild-type allele also develop tu- 
mors albeit at a relatively low frequency and later 
onset (18 months). The results from the analysis 
of these mutant mice confirmed the tumor sup- 
pressing function of p53. 

Another well-studied TSG is Rb. This protein 
has been shown to be directly involved in a vari- 
ety of human cancers, most notably in Retino- 
blastomas. Rb is one member of a family of three 
closely related genes including pi 07 and pi 30, all 
of which have been demonstrated to be important 
in cell cycle regulation. Knock-out mice with both 
alleles of the Rb gene disrupted exhibit embryo- 
nic lethality and show aberrant hematopoiesis and 
severe defects in the nervous system. Heterozy- 
gous as well as chimeric mice derived from Rb 
null ES cells do not develop retinoblastomas, but 
tumors of the pituitary gland, suggesting that the 
loss of Rb is a causal event in the development of 
this tumor. Interestingly, when mutations were in- 
troduced into one of the Rb-associated proteins, 
pi 07 or pi 30, knock-out mice did not develop 
any tumors either in homozygous or heterozy- 
gous state, implying overlapping functions. How- 
ever, other Rb-related or -interacting factors are 
shown to be important in tumor growth in com- 
bination with the Rb protein because mice lacking 
E2F, one of the prominent Rb-interacting factors, 
develop a broad spectrum of tumors. These stud- 
ies further support the notion that the genes regu- 
lating the cell cycle machinery are instrumental 
in tumor development and composite strains of 
mice lacking several members of, e.g., the Rb 
family will further uncover their specific func- 
tions in tumor development. 

30.4.2 

Mice Lacking Breast Cancer Susceptibility Genes 
BRCA^ and 

Cancer of the breast is one of the most frequent 
causes of death in women and there has been a 
great deal of effort to generate mouse models to 
study the mechanism of this disease. While onco- 
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Table 2. Mutations in tumor suppressor genes cause cancer in human and knock-out mice 

Gene Human cancer Phenotype of knock'Out mice 



APC 


Colorectal cancer 


A PC 


Colorectal cancer 


ATM 


Lymphoma 

Leukemia 


BRCAl 


Breast cancer 
Ovarian tumor 


BRCA2 


Breast cancer 
Ovarian tumor 


BRCA2 


Breast cancer 
Ovarian tumor 


DNA-PKcs 


ND 


E2F 


Retinoblastoma 


MSI 12 


Non-polyposis 
Colorectal cancer 


MLHl 


Non -polyposis 
Colorectal cancer 


NFl 


Neurofibroma 


NF2 


Schwannoma 

Meningioma 

Melanoma 


p2?kipi 


ND 


p53 


Sarcomas* breast cancer 
Other tumors 


PMS2 


Non-polyposis 
Colorectal cancer 


PTC 


Skin cancer 
Medulloblastoma 


Rb 


Retinoblastoma 


Wtl 


Nephroblastoma 


XPA 


Skin cancer 


XPC 


Skin cancer 



Homozygotes embryonic lethal 
Heterozygotes develop lymphoma 
Colon cancer * 

Homozygotes viable and develop lymphoma 

Homozygotes embryonic lethal 

Homozygotes embryonic lethal 

Homozygoies viable and develop lymphoma^ 

Homozygotes viable and develop lymphoma 
Homozygotes develop a variety of tumors 
Heterozygotes also develop tumor at a low frequency 
Homozygotes viable and develop lymphoma 
Homozygotes also develop intestinal tumor 
on an immune deficient background 
Homozygotes viable and develop intestinal 
adenoma, lymphoma* adenocarcinoma 
and other tumors 
Homozygotes embryonic lethal 
Heterozygotes develop pheochromocytoma* 
neurodbro sarcoma and myelogenous leukemia 
Homozygotes embryonic lethal 
Heterozygoies develop metastatic tumors 
Homozygotes develop fibrosarcoma 
and lymphoma 

Homozygotes exhibit general multiple tissue 
hyperplasia and pituitary tumors 
Homozygotes develop a variety of tumors 
Heterozygotes also develop tumors 
at a low frequency 

Homozygotes viable and develop lymphoma 

Homozygotes embryonic lethal 
Hetero zygotes develop cerebellar tumors 
Homozygotes embryonic lethal 
Heterozygotes develop pituitary tumor 
Homozygotes embryonic lethal 
Heterozygotes normal 
Homozygotes viable and susceptible to 
UV- and chemical-induced skin cancer 
Homozygotes viable and susceptible 
to UV- induced skin cancer 



NDj not determined. 

® Colon cancer developed in mice carrying conditional knock-out alleles of the A PC gene* 
^ A mutation resulting in a truncated protein was introduced. 



genes, growth factors and their receptors were 
shown to be involved in mammary gland epithelial 
cell transformation in transgenic mice^ it is stiU not 
clear how human breast cancer develops. Breast 
cancer susceptibility genes such as B^CAl and 
BRCA2 have recently been identified which are im- 
plicated in a fraction of breast cancer patients. Mu- 



tation in BRCAl and BRCA2 predisposes indivi- 
duals to breast and ovarian cancers and biochem- 
ical studies demonstrated that these genes are in- 
volved in DNA damage response. Functional stud- 
ies in mice were not satisfactory since null muta- 
tions of BKCAl and BRCA2 resulted in embryonic 
lethality. In order to study their role in cancer de- 
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velopment, mice carrying a truncated BRCA2 pro- 
tein were generated. These mice exhibit numerous 
spontaneous chromosomal abnormalities and are 
prone to lymphoma development. The lack of 
breast tumors in these mice could be due to the 
short life span and the disease symptoms asso- 
ciated with lethal thymic lymphoma. Therefore, 
the involvement of these molecules in particular tu- 
mor types is unclear and future approaches will fo- 
cus on conditional knock-out strategies. 

30.4.3 

Mice with ARC Gene Mutations 

A point mutation in the adenomatous polyposis 
coli (Ape) gene renders mice highly susceptible to 
colon cancer development. However, the inactiva- 
tion of the Ape gene by gene targeting results in 
embryonic lethality in homozygous mice, whereas 
heterozygous mice develop intestinal tumors. Ap- 
plying the conditional knock-out strategy, the Ape 
gene was specifically deleted in colorectal epithe- 
lial tissue. These mutant mice survive to adult- 
hood, but rapidly develop colon cancer with typi- 
cal features of human familial adenomatous poly- 
posis coli (FAP). These studies demonstrate that 
APC is an essential gene for development and that 
a tissue-specific knock-out can reproduce the spe- 
cific tumor type in colorectal tissue. 

30.4.4 

Mice Carrying Disrupted DNA Repair Genes 

In addition to the class of known TSGs, a large 
group of genes whose normal function are in 
DNA repair, recombination and genome stabiliza- 
tion, seem to play an important role in tumorigen- 
esis. Some of these genes were originally isolated 
from inherited human diseases which are prone 
to tumor development and many of them display 
biochemical characteristics similar to TSGs which 
are often negative regulators of cell proliferation. 
Although some knock-out studies gave unex- 
pected results, e.g., embryonic lethality or specific 
developmental abnormalities, they strengthen the 
notion that these genes are involved in fundamen- 
tal processes, including DNA repair and replica- 
tion as well as cell proliferation, which are also per- 
turbed in human cancers. 



Genes involved in skin diseases. Genes affected in 
the human disease Xeroderma pigmentosum are 
involved in nucleotide excision repair and pa- 
tients are suscejitible to UV-induced skin cancers. 
Inactivation of XPC and XPA genes in mice estab- 
lished a mouse model for this human disease as 
homozygous mice are highly susceptible to UV- 
and chemical carcinogen-induced skin carcino- 
genesis. The Cockayne Syndrome B molecule is 
associated with transcription-coupled repair in 
human cells and mice lacking the gene are predis- 
posed to skin cancer upon UV exposure. These 
models mimic the human disease development 
and provide insights into the molecular mecha- 
nism of this disease. 

Mismateh repair genes. Mutations of other DNA 
repair genes have been shown to be important 
contributors to tumor development. Inactivation 
of the mismatclj repair gene Msh2 in mouse pre- 
disposes mice to lymphoma formation due to 
aberrant recombination in these mice. Further 
characterization of Msh2 mutant mice in an im- 
mune-deficient background revealed that this 
gene also plays a role in colon cancer develop- 
ment. In addition, if the Msh2 null mutation is in- 
troduced into Minl-\- mice, heterozygous for a 
germline mutation of the Ape gene, the double- 
mutant progeny developed many colonic aberrant 
crypt foci and a greater number of adenomas. 
Mutation of another mismatch repair gene, 
MLHly is often observed in human non-polyposis 
colon cancer (HNPCC). Mice deficient for MLHl 
are susceptible to intestinal cancer, whereas mice 
with a disrupted PMS2y another mismatch repair 
gene, develop sarcoma and lymphoma. However, 
when this null ihutation was introduced into Min/ 
+ mice, double-mutant progeny developed accel- 
erated intestinal tumors. These studies demon- 
strate that although mismatch repair genes are 
thought to be generally involved in repair of DNA 
and in recombination, their mutation in vivo 
seems to generate specific tumor types, such as 
lymphoid and colon cancer. 

Genes responsible for DNA double-strand break re- 
pair. DNA-depepdent protein kinase (DNA-PK) is 
a molecule responsible for double-strand DNA 
break repair and for specific V(D)J recombina- 
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tion. The inactivation of this gene in mice results in 
high susceptibility to tumor development. More- 
over, double mutant mice in which both DNA-PK 
and poly(ADP-ribose)polymerase (PARP), another 
DNA-damage-sensing molecule, are mutated, fre- 
quently develop thymic lymphomas, suggesting a 
cooperative function of these two molecules. The 
ataxia telangiectasia (ATM) gene has been shown 
to be involved in cell-cycle regulation, meiotic re- 
combination, DNA damage checkpoint, and telo- 
mere length monitoring. Mice with a null muta- 
tion in the ATM gene develop thymic lymphoblas- 
tic tumors at 2-4 months of age and exhibit an 
acute hypersensitivity to y-radiation. 

30.5 

Mouse Models to Study Environmental 
Carcinogenesis 

Apart from the powerful application of transgenic 
mice in analyzing the molecular events of multi- 
stage carcinogenesis, one of the most important 
principles underlying the use of transgenic mod- 
els is that these genetically susceptible animals 
can be utilized as targets for chemical-gene inter- 
actions. Since these mice carry defined genetic 
mutations, the use of these model systems per- 
mits investigation of mutations with which envi- 
ronmental genotoxic agents may interact to confer 
individual and familial susceptibility to cancer. 
The following studies are selected examples dem- 
onstrating the application of these mice in defin- 
ing and testing environmental carcinogens which 
on the basis of in vitro assays are proposed to be 
involved in carcinogenesis. 

30.5.1 

Skin Carcinogenesis^^ 

Mice carrying the v-H-ras oncogene fused to the 
promoter of the embryonic ^5-globin develop pap- 
illomas at areas of epidermal abrasion. They were 
tested for their ability to respond to carcinogen 
treatment, such as benzoyl peroxide (BPO), di- 
methylbenz[fl]anthracene (DMBA) and 12-0-tetra- 
decanoylphorbol- 13-acetate (TPA), 2-butanol per- 
oxide (2-BUP), phenol, acetic acid and aceton, 
using a standardized skin carcinogenesis protocol. 



The results showed that BPO, 2-BUP and TPA pro- 
mote skin tumor formation, whereas the other che- 
micals tested are not carcinogenic. Mice from an- 
other transgenic line expressing human c-Ha-ras 
were also found to be susceptible to various types 
of carcinogen treatment, such as 4-nitroquinoline- 
1 -oxide (4NQO), MN-diethylnitrosamine (DEN), 
N-methyl-N-nitrosourea (MNU), N-methyl-AT-ni- 
tro-N-nitrosoguruanidine (MNNG) and methyla- 
zoxymethanol (MAM). A variety of tumors devel- 
oped, thereby confirming the in vivo carcinogenic 
effect of some carcinogens previously defined by 
in vitro assays but also identifying some com- 
pounds previously not classified as potential risk 
factors for humans. 

30.5.2 

Liver Cancer 

It has been proposed that hepatocellular carcino- 
ma (HCC) develops as a consequence of human 
hepatitis B virus (HBV) infection and liver injury. 
During the period of infection and development 
of HCC, multiple genetic events occur. It was 
demonstrated using a transgenic model that over- 
expression of HBV in mice induced various steps 
of liver cancer and that TCFa cooperates with 
HBV in liver tumorigenesis in double-transgenic 
mice, indicating a synergistic effect of growth fac- 
tor signaling and viral infection. Some liver carci- 
nogens, such as aflatoxin and DEN are thought to 
mutate some genes which together with viral in- 
fection-induced mutations may be important in 
the etiology for liver cancer. Mice overexpressing 
HBV were used to test this hypothesis by expos- 
ing them to aflatoxins and DEN. These transgenic 
mice develop an increased frequence of liver can- 
cer. Therefore, these studies provide experimental 
evidence for the synergistic effect between envi- 
ronmental carcinogens and HBV infection. 

30.5.3 

The p53 Knock-Out Mouse ModeM^ 

To study the potential of various carcinogens in 
causing tumors, p53 deficient mice were exten- 
sively used for carcinogenicity tests. For example, 
dimethylnitrosamine (DMN), a liver carcinogen, 
induced susceptibility of p53 heterozygous mice 
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to liver hemangiosarcoma formation. A radiation 
treatment of p53 deficient mice enhances lympho- 
ma development in both heterozygous and homo- 
zygous mutant mice. In addition, it is worth men- 
tioning that when a p53 null mutation was intro- 
duced into mice overexpressing the KlO-ras trans- 
gene, genetic factors involving the initiation, pro- 
motion and progression of skin tumors were stud- 
ied. In the classic skin carcinogenesis model 
using DMBA/TPA, a p53 mutation was identified 
as playing a critical role in tumor progression, 
but not in tumor initiation. 

30.5.4 

Indicator Mice^^ 

In cancer studies the genetic mutation rate is an 
indicator of cancer risk for human populations 
exposed to environmental carcinogens. For the as- 
sessment of various carcinogens and mutagens, in 
vitro assays have been useful. However, further 
evaluating the in vivo effect of these chemicals 
would demand the availability of in vivo animal 
models. In this regard, transgenic mice generated 
with a reporter gene, i.e., lacZ are available from 
commercial sources (such as BigBlue^^ and Muta 
mice™). These indicator mice are used as a 
bioassay system for testing compounds which 
have been proposed to be genotoxic and carcino- 
genic in humans and are considered to comple- 
ment or even replace the current genotoxic tests 
in cell culture and in animals. Indeed, both Big- 
Blue and Muta mice are used to screen mutagens 
and carcinogens. A survey of such studies has 
proven that these animal models are useful for 
the development of a rapid and reliable carcino- 
genicity testing system. 

30.6 

Summary and Outlook 

An increasing number of genetically modified mice 
are being generated for cancer research and better 
model systems using novel strategies to regulate 
the onset and the cell-type specific expression of 
oncogenes will improve or even replace the present 
ones. What have these mouse model systems al- 
ready taught us about tumor development in hu- 



man cancers? We have certainly obtained a much 
better understanding about how and by which mo- 
lecular mechanisms certain types of cancers com- 
mon to mice and man arise. We have also gained 
enormous knowledge and understanding of how 
cancer susceptibility genes function in normal de- 
velopment and differentiation of the organism. In 
this respect it is becoming increasingly evident 
that “on the road to a cancer cell” normal develop- 
mental pathways are altered and that the genetic 
networks functioning in development and cancer 
are similar. The concept of multi-step tumorigen- 
esis has been experimentally tested and verified 
in various mouse models. Today’s goal of having 
a mouse model for every major type of human can- 
cer is being pursued heavily and might soon be rea- 
lised. However, despite the enormous benefits ob- 
tained from the studies of these mice, they do not 
yet provide an understanding of how cancer cells 
arise in a natural environment and progress to a 
metastatic tumor. This is because cancer starts as 
a single cell phenomenon and the development of 
a tumor from this single transformed cell will de- 
pend to a large extent on its interactions with its 
environment. The current mouse model systems 
have their limitations in addressing this type of 
problem. 

Some of these limitations may be partially 
overcome by the use of improved, more selective 
gene modification techniques, or by the develop- 
ment of different mouse models specifically de- 
signed to answer different questions. For example, 
apoptosis is an essential developmental process 
contributing td multicellular tissue homeostasis 
and is thought to play an important role in tumor 
development. Transgenic and knock-out models 
with altered apdptotic responses would provide an 
excellent new cancer research tool. In addition, 
the genetic changes underlying human cancer 
cells may be better analysed by studying human 
cells in a mouse model. These “humanized” mice 
obtained either by grafting human “tissues” to an 
immune compromised mouse strain or replacing 
murine genes by human homologues by a so- 
called “knock-in” approach (Sibilia and Wagner, 
1996), may be one attractive new avenue for can- 
cers studies, e.g., for leukemias where human 
stem cells can be transplanted or for human gene 
mutation studies. 
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The mouse models have clearly identified im- 
portant parameters and key events in the develop- 
ment of cancer, such as the onset of angiogenesis, 
the balance between proliferation and apoptosis 
and its downmodulation in tumor cells. For the 
future our goals must be to turn the cancer 
knowledge gained from mouse studies into cancer 
cures. Our models must provide novel test sys- 
tems for new diagnostic tools, but also for the de- 
velopment of anticancer drugs. The elucidation of 
the genetic components leading to cancer will be 
exploited for cancer gene-derived molecular tar- 
gets to foster new developments for the preven- 
tion and possible cure of this devastating disease. 
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31 Circadian Timing in Animals 
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31.1 

Introduction 

31.1.1 

Anticipation of the Next Day^ 

Our planet turns around its own axis once a day 
and around the sun once a year. As a conse- 
quence, light and dark phases alternate once a 
day, and, except in the equatorial latitudes, their 
relative lengths change during the year. Many or- 
ganisms have adapted their physiology and be- 
havior of these varying geophysical circum- 
stances, restricting their activity periods to a cer- 
tain time window during the 24-h day. Humans, 
for example, are active during the day and sleep 
through part of the night. The converse is true for 
many rodents, such as rats and mice. Green 
plants can capture solar energy for photosynthe- 
sis only during the light phase, converting some 
of the captured energy to chemical energy in the 
form of starch granules, which will provide the 
energy for basic metabolism during the dark 
phase. One might imagine that the presence or 
absence of light would suffice as timing cues dic- 
tating the activity periods of an organism. How- 
ever, the story happens to be more sophisticated. 
Many organisms can actually anticipate the time 
of sunrise or sunset of the next day with astound- 
ing precision. To do so, they require a device that 
not only can measure time but also can respond 
to seasonal changes in the duration of the light 
and dark phases (photoperiod). This timing sys- 
tem is called the circadian clock. Circadian is 
derived from the Latin words circa diem meaning 
about a day. Circadian clocks are widespread 
among the animal and plant kingdoms, and have 
even been found in prokaryotes. This suggests 



that, during evolution, temporal anticipation has 
been advantageous over merely reacting to the 
photoperiod. 

A characteristic feature of circadian rhythms is 
their relative independence from changes in en- 
vironmental temperature, a phenomenon called 
temperature compensation. Within the physiologi- 
cal temperature range (0 to 40 °C) most biochem- 
ical reactions have a Qio of 2 to 3. In other 
words, they proceed with a two- to three-fold 
higher rate with every temperature increment of 
10 "^C. In contrast, the Qio of circadian outputs 
lies in a narrow range of 0.8 to 1.2. Temperature 
compensation is most important for timekeeping 
in cold-blooded organisms, whose body tempera- 
ture can be subject to large daily and seasonal 
variations. 

In two biological systems, the fungus Neuro- 
spora crassa and the fruitfly Drosophila melanoga- 
steVy the genetic dissection of the clock genes are 
particularly well advanced. However, exciting pro- 
gress has recently also been made in mammalian 
system. Since an entire chapter was dedicated to 
the Neurospora clock in the last issue of this se- 
ries, and since a comprehensive review on this 
subject has recently been published (see Refer- 
ences), we will concentrate on animal circadian 
clocks in the following sections. 

31.1.2 

Input-Oscillator-Output ^ 

The circadian system is made up of three compo- 
nents: (1) a central pacemaker, which generates 
the approximately 24-h oscillation; (2) an input 
pathway responsible for adjusting the phase of 
the pacemaker; and (3) an output pathway, mani- 
festing itself in rhythmic behavior and physiol- 
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Fig. 1. The three parameters of circadian oscillation. An 
idealized circadian function can be represented by a sine 
curve (y=sin^), with one circadian cycle equal to 360 de- 
grees along the X-axis. The form of the sine curve is de- 
nned by the period length t, the amplitude A, and the 
phase angle 0. The phase angle is defined as the distance 
in degrees from a fixed point (e.g., the null point) to the 
descending x-intercept of the sine curve. The dottet and the 
solid curves have the same amplitudes and period lengths, 
but differ by about 45° in their phase angles. Thus the 
dotted line represents a function phase-delayed relative to 
the function represented by the solid line. Somewhat incon- 
sistently, the period length is generally given in hours, 
while phase angles and phase angle differences are often 
expressed in degrees in the chronobiology literature 



ogy. In unicellular organisms, the pacemaker is 
resident in each cell. While recent findings sug- 
gest that in multicellular organisms individual 
cells are also capable of generating circadian 
oscillations (see Sect. 31.2.4), the central pace- 
maker of these organisms is resident in one or 
several discrete locations and directs the circadian 
oscillations of peripheral cells. The oscillating 
function of the pacemaker is likely to be influ- 
enced by one or more negative feedback cycles of 
the expression of so-called clock genes (see 
Sect. 31.3.2-3). 

For most organisms, daily changes in light in- 
tensity are the most important external entrain- 
ment cues regulating the circadian pacemaker. 
While primitive eukaryotes and cyanobacteria use 
intracellular photopigments to sense light 
changes, higher eukaryotes use both ocular and 
non-ocular perception to entrain their clocks. 
Very recently, even human beings have been 
shown to be capable of phase shifting their circa- 
dian rhythms by non-ocular light perception. 

The signal transduction pathways governing 
circadian outputs are poorly understood. In Dro- 



sophila and mouse, many genes are expressed in a 
circadian fashion, yet mutation of these genes has 
no dramatic impact on clock function. Such 
genes are known as clock-controlled genes (ccgs). 
As suggested below, the rhythmic expression of 
ccgs could be governed directly by clock gene 
products. 

The cyclic outputs of circadian timing systems 
are usually described in terms of amplitude, peri- 
od length (t), and phase angle, the angle formed 
between the x axis and the line tangential to the 
circadian function at a given time. Figure 1 illus- 
trates the nature of these basic parameters for a 
simple sine wave. 



31.1.3 

Experimental Evidence for Endogenous Clocks^ 

In certain animals, the existence of endogenous 
clocks can readily be demonstrated by recording 
their locomotor activity under constant condi- 
tions. In the case of small rodents, this is conve- 
niently accomplished by running wheel assays 
(Fig. 2 A). The wheel revolutions per time unit 
can be automatically recorded and converted into 
graphs of activity per time period (actograms) 
(Fig. 2B). After having entrained a circadian cycle 
by exposing the mouse to a given dark-light regi- 
men (e.g., lights on 07.00 h, lights off 19.00 h), 
the light is shut off and the wheel-running activ- 
ity is monitored for a few weeks in complete 
darkness. Soon after the lights go off perma- 
nently, the period length changes from the en- 
trained 24-h period to the endogenous circadian 
period (Fig. 2B). For fruit flies, locomotor activity 
is measured by recording infrared beam breaks. If 
animals kept in constant darkness are exposed to 
a brief flash of light at certain times of the day, 
their activity pattern will be shifted, either for- 
ward or backward in time, though the length of 
the free-running period is not changed. 

Other circadian outputs that can be readily 
monitored by non-invasive techniques are pupal- 
adult eclosion in Drosophila, and body tempera- 
ture in mammals. 
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Fig, 2AjB, Recording of circadian locomotor activity. 
A Mouse cage equipped with a running wheel. The revolu- 
tions per time unit, recorded for single animals over many 
days, are transmitted to a personal computer (PC) and con- 
verted to an actogram (see text)* B Actogram of a single in- 
dividual appearing on the PC screen* Dark boxes in the ac- 
togram represent time periods during which the running 
wheel revolutions have exceeded a given threshold value, 
under 12hyi2h light/dark (LD) entrained conditions, until 
being switched to continuous darkness (open arrow^ lights 
off). At this point, the animals display their free-running 
locomotor activity, which here demonstrates a shorter peri- 
od (t) than the 24 h observed under LD entrained condi- 
tions 



31 • 1,4 

Light-Induced Phase Shifting 
and Phase Response Curves^ 

Temporal anticipation is a difficult endeavor in la- 
titudes where the duration of light and dark peri- 
ods is changing every consecutive day, by 5 min 
or more per day in extreme latitudes. Some hints 
on how this could be accomplished have come 
from the recordings of phase response curves 
(PRCs)* As indicated above, the subjective circa- 
dian time (CT) of a mouse {or any other small 
rodent) can be readily determined by recording 
its locomoter activity under constant dark condi- 
tions, During the subjective light phase (CT 1 to 
12), light pulses do not shift the phase angle of 
rhythmic locomoter activity In contrast, light 
pulses given between CT 12 and 18 result in 
phase delays (negative phase shifts), and light 
exposure between CT 18 to 24 causes phase ad- 
vances (positive phase shifts)* An idealized phase 
response curve is presented in Fig. 3, The princi- 
ples emerging from the phase response curve 
could readily explain the anticipation of increas- 
ing day length during spring* A delay of the sun- 
set should result in a small negative phase shift* 
This would allow the animal to predict an even 
more delayed sunset for the next day Conversely, 
an earlier sunrise should cause a small positive 
phase shift* As a consequence, the animal would 
anticipate an even more advanced sunrise for the 
next day The net result would be a lengthening 
or shortening of the activity period for diurnal 
and nocturnal animals, respectively Thus the 
combination of the organism's endogenous 
rhythm with sensitive daily adjustment of the 
phase by daylight permits accurate synchroniza- 
tion of the external and internal rhythms. 

Most overseas travelers have experienced dis- 
turbances in their sleep-wake cycles after a long- 
distance journey* This symptom, commonly 
known as jet lag, reflects the limitation of our cir- 
cadian timing system in adapting to large sudden 
changes in the photoperiod. 
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CTO CT6 CT12 



CT18 CT24 



Fig. 3* Phase response curve (PRC). Animals (e.g., mice^ 
hamsters, rats) are entrained in a running- wheel cage (see 
Fig. 2) during 2 weeks under a 12h/12h LD regimen. The 
li^t is then turned off and the animals are kept in con- 
stant darkness (DD) for at least I week. The actogram 
shows the wheel -running activity of 13 consecutive days at 
DD. The circadian time (CT) is determined according to 
the actogram at DD and the beginning of the activity phase 
is set as CT12. Animals are then exposed to short light 
pulses (<1 h, ^0 lx) and their locomoter activity under DD 
conditions is recorded for an additional week. When the 
light flashes are given between CTO and CT i2, the phase of 



the actocgram does not change I no phase shift: see first ac- 
togram, flash (open arrow) given at CT6], Light flashes giv- 
en between CT12 and CT18 lead to phase delays [negative 
phase shift: see second actogram, flash given at CTjfJ], Fi- 
nally, light flashes given between CT18 and CT24 result in 
base advances [positive phase shift: see third actogram, 
ash given at CT2l'\, The bottom panel shows an idealized 
phase response curve (PRC), with no phase shifts between 
CTO and CT12, negative phase shifts between CT12 and 
CTIS, and positive phase shifts between CT18 and CT24. 
The numbers on the ordinate represent positive (+) and 
negative (-) phase shifts in h. 



31.2 

Master Clocks and Peripheral Clocks 

31.2J 

Circadian Master Clocks Are Associated 
with Certain Tissues^ 

In complex multicellular organisms, different cir- 
cadian outputs must be coordinated or synchro- 
ni2ed. For example, it would be unpleasant if our 
kidneys produced the most urine during sleeping 
hours, Therefore> the synchronization of different 



physiological activities is a major task of the cir- 
cadian clock. 

In Drosophilay the pacemaker for the control of 
daily locomotor and pupal-adult eclosion activ- 
ities resides in a few lateral head neurons, called 
the pacemaker neurons. These are neurosecretory 
cells which may give their instructions to the pe- 
riphery via chemical signals. What are the master 
clocks in vertebrates? The safest answer would be 
that variety is the rule. In reptOes and birds, the 
pineal gland plays an important role in control- 
ling circadian outputs, Yet^ the nature of these 
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outputs can differ even between bird species (see 
Sect. 31.3.2). Moreover, several additional oscilla- 
tors have been identified in the brain of lizards, 
one of which is the parietal eye. The suprachias- 
matic nucleus (SCN), located at the base of the 
hypothalamus, is the master pacemaker for loco- 
motor activity rhythms in mammals (see 
Sect. 31.2.3). 

31.2.2 

The Pineal Gland Has Distinct Functions 
in Different Vertebrates^ 

Pinealectomized house sparrows display arrhyth- 
mic locomotor activity under constant dark con- 
ditions, and rhythmic locomotor activity can be 
rescued by transplantation of a pineal gland. 
Therefore, the pineal gland must play an instru- 
mental role in governing circadian outputs in this 
bird. In avian species, the pineal gland is located 
directly under the skull. Since pinealocytes con- 
tain the photosensitive pigment pinopsin, they 
can be directly entrained by light traversing the 
head bones. 

An important circadian output of pinealocytes 
is the cyclic production and secretion of melato- 
nin. In all known vertebrate species, blood levels 
of melatonin are high during the night and low 
during the day, irrespective of whether they are 
nocturnal or diurnal. Rhythmic melatonin secre- 
tion is the major pineal cue to drive circadian be- 
havior in house sparrows. In fact, rhythmic addi- 
tion of melantonin to the drinking water is suffi- 
cient to rescue circadian locomotor activity in 
pinealectomized sparrows. Lesion of the SCN in 
house sparrows also deteriorated locomotor 
rhythmicity. Thus, circadian behavior of this 
avian species appears to be regulated by both the 
pineal gland and the SCN. 

Surprisingly, pinealectomy has little effect on 
the cyclic locomotor activity of another bird, the 
homing pigeon. This suggests that other, yet uni- 
dentified pacemakers must govern circadian be- 
havior in this species. In the lizards Iguana igua- 
na, Dipososaurus dorsalis, and Podarcis sicula, ab- 
lation of the pineal gland does not abolish circa- 
dian locomotor activity, but affects the body tem- 
perature rhythm. 



In mammals, pinealectomy can interfere with 
the period length of overt circadian rhythms, but 
does not abolish them (except under constant 
light conditions). Also, injection or oral applica- 
tion of melatonin has been shown to cause phase 
shifts in some mammalian species (including 
man). The mode of action of melatonin is still 
poorly understood. 

At least in part, circadian melatonin synthesis 
is governed by the circadian accumulation of aryl- 
alkylamine N-acetyltransferase (AA-NAT), the rate 
limiting enzyme in the conversion of serotonin to 
melatonin. The mechanisms governing cyclic AA- 
NAT expression are not yet fully understood, but 
appear to involve cAMP and transcription factors 
of the CREB (cyclic AMP response element bind- 
ing Protein) and CREM (cyclic AMP response ele- 
ment modulator) family. The persistance of robust 
circadian melatonin secretion is reinforced by 
crosstalk with the suprachiasmatic nucleus (SCN) 
through neuronal and humoral mechanisms. 
Thus, SCN neurons communicate with the pineal 
gland via the paraventricular nucleus, the upper 
thoracic intermediolateral cell column, and the 
superior cervical ganglion. In turn, the SCN is 
likely to receive feedback information from the 
pineal gland directly through melatonin signaling. 

31.2.3 

The Suprachiasmatic Nucleus: 
a Mammalian Master Clock ^ 

The suprachiasmatic nucleus (SCN), a bilaterally 
paired cluster of neurons located at the base of 
the hypothalamus, has long been known to be the 
master clock in mammals. In mouse, each half of 
the SCN is composed of about 10^ neurons. SCN 
neurons receive inputs from the retina via the re- 
tinohypothalamic tract. Light signals perceived in 
the retina can therefore be communicated directly 
to the SCN. 

Surgical ablation of the SCN in hamsters or 
rats renders these animals arrhythmic under con- 
stant conditions. Circadian locomotor activity can 
be rescued in SCN lesioned hamsters by the im- 
plantation of a fetal SCN. Surprisingly, rhythmi- 
city in transplanted animals returns after a short 
time period of only a few days. If a lesioned wild 
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type hamster obtains an SCN implant from a mu- 
tant hamster (taUy see Sect. 31.3.3.1) with a short- 
er period length than the wild type, it will free- 
run with the short period length typical for the 
donor animal. The dominance of the SCN donor 
over the host strongly suggests that the SCN is in- 
deed a master pacemaker, at least in controlling 
circadian locomotor activity. 

31.2.4 

Circadian Oscillations Are Produced 
by Cell-Autonomous Mechanisms^ 

Obviously, circadian rhythms in unicellular organ- 
isms must be accomplished by cell- autonomous 
mechanisms. Organ and cell cultures of pace- 
maker tissues suggest that the same is true for 
circadian clocks of higher eukaryotes. For exam- 
ple, SCN tissue slices kept in organ culture dis- 
play circadian firing frequencies for several 
weeks. Dispersed individual SCN neurons still 
show rhythmic firing frequencies for many days, 
but become desynchronized quickly after disso- 
ciation of the tissue. Although the period lengths 
of different individual neurons are subject to large 
variations, the average period length still resem- 
bles the period length measured for their hosts by 
running-wheel assays. Thus, on the average, the 
period length in firing frequency is much shorter 
for SCN neurons isolated from tau mutant ham- 
sters than SCN neurons prepared from wild type 
hamsters. 

Similar to SCN neurons, chick pinealocytes 
kept in primary culture are still rhythmic. Ex 
vivo, these cells continue to secrete melatonin in a 
daily fashion and with a robust amplitude. Re- 
markably, these melatonin secretion cycles can be 
phase shifted by light in, vitro, probably owing to 
the photosensitive pigment pinopsin. Hamster 
retina in organ culture also secretes melatonin in 
a circadian fashion for several days, and these 
cycles can also be entrained by light. 

Unexpectedly, in Drosophila, even non-neuronal 
cells have been shown to contain circadian oscilla- 
tors. In transgenic Drosophila, the firefly lucifer- 
ase gene has been brought under the control of 
transcriptional regulatory elements of the Droso- 
phila clock gene period. In these flies, circadian 



luciferase expression can be simply monitored 
as luminescence cycles. Circadian luminescence 
could be observed in non-neuronal organ cultures 
from these flies. Moreover, these cycles could be 
phase-shifted by light. This proves the existence 
of non-ocular photic entrainment mechanisms. 

31.3 

The Parameters of the Clock 
Are Genetically Defined 

31.3.1 

Evidence for Clock Genes in Animals^ 

The first behavioral mutations were reported as 
early as 1971 in Drosophila, and the affected locus 
was called period (per). Mutations in this X-linked 
gene either abolish rhythmicity or change the pe- 
riod length (see below). A second, semidominant 
Drosophila locus, timeless (tim), has been identi- 
fied more recently. Three additional essential 
clock loci, drosophila clock {dclock or elk), cycle 
{eye or dbmall), and double-time {dbt) have been 
identified last year and the corresponding genes 
isolated by molecular cloning. 

The first mutant locus affecting the locomotor 
activity of mammals has been found in hamster 
and was named tau. The molecular isolation of 
tau has not yet been accomplished and will be 
difficult, since high resolution maps for chromo- 
somal markers are not yet available for hamsters. 
Only recently, a mouse locus, clock, was identified 
in a screen of the Fi generation of chemically mu- 
tagenized males. The clock gene was subsequently 
isolated by positional cloning. Email, a very re- 
cently identified gene, encodes a protein which 
heterodimerizes with the clock gene product. The 
Drosophila ortholog of this mammalian gene has 
been dubbed cycle (see above). During the past 
year, three mouse genes encoding proteins with 
extensive sequence similarity with the Drosophila 
PER protein have been isolated and characterized. 
These three genes, mperl, mperl, and mper3, 
display circadian expression in both the SCN and 
peripheral tissues. 

Most animal circadian clock genes thus far 
identified specify transcriptional regulatory pro- 
teins which act either as activators (CLOCK/CLK, 
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Table 1. Criteria proposed for circadian clock genes 



1. The gene products should have a rhythm in amount 
and/or activity with a period length identical to that of 
overt rhythms. 

2. Mutations should alter or abolish rhythmicity. 

3. The gene should establish a direct or indirect feedback 
loop. 

4. Abrupt changes in the activity of the gene product 
should result in phase shifting. 

5. Freezing the concentration of the gene product at low, 
intermediate or high values should stop the clock. 

6. The level of the gene product should be changed by in- 
put cues (mainly light) and reset the clock. 

7. The period length of circadian expression should not be 
dramatically influenced by temperature. Obviously, this 
rule only applies to cold-blooded (poikilotherm) animals 
(see text). 

[After: Dunlap JC 1996 Genetic and molecular analysis of 

circadian rhythms. Annu Rev Genet 30:579-601] 



BMALl/CYC) or repressors (TIM, PER). An ex- 
ception is dbty which encodes a protein kinase. 

A behavioral phenotype, like the shortening or 
lengthening of the period length, or the dampen- 
ing of the amplitude, does not prove that the af- 
fected locus specifies a central clock component 
that “makes the clock tick”. For example, mice 
with mutations in a cell adhesion protein, P SA- 
NG AM, free-run with a dramatically shorter pe- 
riod length and become arrhythmic after some 
weeks in constant darkness. This mutation prob- 
ably affects the coupling between neurons of the 
suprachiasmatic nucleus (SCN) of the hypothala- 
mus, believed to harbor the central circadian pa- 
cemaker, but is not a fundamental component of 
the pacemaker itself. A number of operational cri- 
teria for bona fide clock genes have thus been 
defined (see Table 1). These should, however, be 
regarded as guidelines rather than dogmas. 

31.3.2 

The Drosophila Clock Genes 
per, tim, elk, eye, and dbt^^ 

Behavioral screens in Drosophila have allowed the 
isolation of several mutations in the sex-linked lo- 
cus per and of two mutations in the locus tirriy lo- 
cated on chromosome 2. Per^^ loss-of-function 
mutation obliterates rhythmicity in both locomo- 
tor and eclosion activity. Flies carrying the alleles 



per^y per\ and per^^^ display short period lengths, 
while flies with the allele per^ show a longer than 
normal period length in their locomotor activity. 
In addition, per^ flies have a defect in tempera- 
ture compensation. Mutant flies homozygous for 
tim° are arrhythmic, similar to per^^ males. The 
allele tim^^ has recently been isolated in a per^ 
suppressor screen. The TIM protein encoded by 
this allele advances the nuclear entry time (see 
below) of the PERiTIM complex and rescues tem- 
perature compensation in per^ mutant flies. Three 
additional important mutant alleles have recently 
been characterized and the corresponding genes 
isolated: dclock {clky the Drosophila ortholog of 
mouse clocky see below), cycle (eye, the Drosophila 
ortholog of mouse bmally see below), and double- 
time {dbty see below). 

Both per and tim encode relatively large pro- 
teins. Over most of its length, the PER protein 
shares little sequence similarity with other known 
proteins, except for a domain called PAS. PAS is a 
protein :protein interaction domain and stands for 
the initials of three proteins, PER, ARNT (aryl- 
hydrocarbon receptor nuclear translocator), and 
Single-minded, that contain this domain. 

Tim has independently been isolated by posi- 
tional cloning and by a yeast two-hybrid screen 
designed to identify physical PER interaction 
partners. The primary structure of TIM did not 
provide cues for possible biochemical activities, 
as no significant homologies with previously 
identified proteins were found. Both genetic and 
biochemical approaches revealed, however, a close 
interaction between per and tim. In fact, TIM and 
PER were found to form stable heterodimers in 
vivo. Moreover, the cyclic accumulation of tim 
and per mRNA requires the integrity of both 
genes. A PER domain (aa 233-512), encompassing 
the PAS domain and a peptide region placed C- 
terminal to PAS, are required for the TIMrPER 
complex formation. The TIM domain engaged in 
the heterotypic interaction with PER is located in 
two subregions located between amino acids 514- 
587 and 724-923. Based on genetic, biochemical 
and in situ histochemistry experiments, the bio- 
chemical pacemaker model schematically illu- 
strated in Fig. 4 has been suggested. It is based 
on a negative feedback loop established by per 
and tim, CLK and CYC are two PAS helix-loop- 
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helix transcription factors that activate transcrip- 
tion of per and tim as a heterodimer {Fig. 4B). 
Loss- of- function mutations in both dk and eye re- 
sult in arrhythmic behavior of the affected flies. 
As expectedj these mutant animals express very 
low and temporally constant levels of TIM and PER. 

The cellular concentrations of per and tim 
mRNAs peak between ZT (Zeitgeber time) 14-16 
under DL 12:12 conditions (lights on at ZT 0, 



light off at ZT 12). Peak accumulation of the pro- 
teins encoded by these transcripts is not reached 
until 6h lateij at ZT 20-22. PER:TIM heterodi- 
mers first accumulate in the cytoplasm and then, 
late at night (ZT 18 to 22), are translocated to the 
nucleus, where they down-regulate transcription 
of their own gene (Fig, 4 A, B). Exposure of Dro- 
sophila to light triggers the rapid degradation of 
TIM protein after sunrise. Since PER is more 
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Stable as a heterodimer with TIM, light-induced 
disappearance of TIM also leads to a destabiliza- 
tion of PER. Repression is now relieved and per 
and tim transcription can restart. TIM and PER 
are also degraded during the subjective morning 
in constant darkness. Therefore, cues other than 
light must trigger the degradation of these pro- 
teins under constant conditions. 

The large delay between per and tim mRNA and 
protein accumulation is not compatible with simple 
mathematical models, assuming constant mRNA 
translation and protein degradation rates. It is 
thus assumed that the translation and/or degrada- 
tion rates of PER and TIM also oscillate during 
the day. Delayed protein accumulation and import 
of the PER:TIM heterodimer play an important 
role in the negative feedback mechanism account- 
ing for the daily oscillation. Without such a delay, 
the surge of synthesis would be killed in its early 
phase, and the system would rapidly fall into equi- 
librium. Phosphorylation of PER by the protein ki- 
nase DBT is critically involved in regulating the sta- 
bility of PER. In dbt mutant larvae, in which DBT 
function is impaired , PER accumulation is drama- 
tically higher than in wild-type larvae and does not 
cycle, since the underphosphorylated PER protein 
has a much longer half-life. 



The PER ortholog of a giant moth, Antherae 
pernyU shows similar features in photoreceptor 
cells as its Drosophila counterpart with regard to 
cyclic accumulation and cytoplasmic-nuclear 
translocation. However, it remains mostly cyto- 
plasmic in the eight neurosecretory head neurons 
thought to harbor the circadian clock. Moreover, 
the per mRNA and protein accumulation cycles 
display similar phase angles in these cells. Since 
PER does not enter the nucleus, and since protein 
accumulation follows mRNA accumulation with 
little delay in Anthera head neurons, it has been 
suggested that PER protein may not be involved 
in a negative feedback loop in these cells. It is 
thus possible that the same clock component, 
PER, accomplishes the same task by different 
mechanisms in two species of insects. 

Drosophila strains carrying the missense muta- 
tions per^ and per^ display shorter and longer 
periods, respectively. These mutations reside with- 
in the PAS domain of the PER protein and affect 
protein :protein interactions with TIM. The affini- 
ty of TIM : PER protein interaction is highest with 
PER® and lowest with PER^. Per® and per^ can 
thus be considered as a hypermorphic and hypo- 
morphic alleles, respectively. Apparently, a tighter 
interaction between PER and TIM speeds up the 



◄ 

Fig. 4 A, B. Molecular model for generating a circadian os- 
cillation of tim and per expression. A Circadian per and tim 
expression in Drosophila. In the absence of repressors, both 
tim and per are efficiently transcribed, as indicated by the 
fat arrows below the cells at ZT9 and ZT15 (lights on at 
zeitgeber time 0; lights off at ZT12). TIM and PER proteins 
accumulate in the cytoplasm and form heterodimers (ZT15 
and ZT 18). After some delay, the heterodimers enter the 
nucleus and progressively repress tim and per transcription 
(ZT18 and ZT22). At ZTO, when the lights are turned on, 
TIM and PER proteins are degraded (see text). Since TIM 
disappears more rapidly than PER, some PER protein may 
still be present at ZT 6, possibly repressing transcription as 
monomers, homodimers, or heteromultimers with interac- 
tion partners other than TIM. After the concentration of 
PER (and TIM) has dropped below a threshold value neces- 
sary for repression, per and tim transcription resumes, and 
the next circadian cycle of expression starts. Under con- 
stant dark conditions (DD), ZT is equivalent to CT (circa- 
dian time). In this case, signals other than light lead to the 
abrupt degradation of TIM and PER in the (subjective) 
morning. Cells are represented by rounded rectangles with 
circular nuclei. (After Rosato E, Piccin A. Kyriacou CP 1997 



Circadian rhythms: from behaviour to molecules. Bioessays 
19:1075-1082). B A negative feedback model for cyclic per 
and tim expression. The promoters of per and tim harbor 
E-boxes with the core sequence 5-CACGTC-3 that are occu- 
pied by heterodimers of the transcriptional activators CLK 
(dCLOCK) and CYC (dBMALl). Per and tim mRNAs are 
synthesized until the heterodimers formed by their protein 
products, PER and TIM, reach sufficient concentrations to 
repress per and tim transcription. Repression by the 
PER:TIM heterodimers acts through the E-box (or nearby 
sequences), presumably by inactivation of the CLK:CYC 
heterodimer. After the decay of PER and TIM, the CLK and 
CYC can again activate transcription and a new circadian 
cycle of per and tim expression is initiated. Posttranscrip- 
tional regulation (e.g., PER phosphorylation by DOUBLE- 
TIME) contributes to the activity and/or accumulation of 
these proteins. The glutamine-rich CLK activation domain 
is depicted as a flag. The gray-colored clock components 
have been found in flies and mammals. It is thus likely that 
this circadian feedback loop applies for many animals. 
(After Schibler U 1998 New cogwheels in the clockworks. 
Nature 393:620-621) 
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negative feedback loop, while a weaker interaction 
between these two proteins slows it down. 

Postulate 4 of Table 1 requires that sudden 
changes in activity or amount of bona fide clock 
components should result in phase shifting. This 
has been proven true for per. In flies carrying a 
fusion gene consisting of a heat shock promoter 
linked to an open reading frame of per, a tem- 
perature shift to 37 °C results in phase shifting. 

31.3.3 

Genes and Loci Involved 
in Mammalian Circadian Timing 

Within the past few years, impressive progress 
has been made in identifying mammalian genes 
that are likely to be involved in circadian timing. 

TaUy the first indication for a Mendelian locus 
controlling mammalian circadian timing was dis- 
covered fortuitously. Under constant dark condi- 
tions, wild type hamsters display a period of 
about 24 h, whereas heterozygous and homozy- 
gous tau mutant hamsters free-run with periods 
of 22 and 20 h respectively. Although tau has not 
yet been physically isolated, tau mutant hamsters 
proved to be instrumental in assigning the master 
clock for locomotor activity to the suprachias- 
matic nucleus (SCN) of the hypothalamus (see 
Sect. 31.2.3). 

Clock, a murine locus influencing the circadian 
period length was identified recently in a wheel- 
running screen of chemically mutagenized mice. 
In constant darkness, heterozygous mutant mice 
free-run with a long period of about 25 h and 
homozygous mutant animals first free-run with 
very long periods (more than 27 h) and then be- 
come completely arrhythmic. Using high density 
chromosome maps for polymorphic repetitive se- 
quences, clock was mapped to chromosome 5 and 
isolated by positional cloning. Sequencing of the 
gene revealed that Clock is a PAS helix-loop-helix 
transcription factor, with a glutamine-rich C-ter- 
minal transcription activation domain. The muta- 
tion in clock mutant animals is an A-T transver- 
sion, which eliminates a splice donor site. As a 
consequence, clock pre-mRNA splicing skips an 
exon encoding part of the glutamine-rich transac- 
tivation domain. The resulting mutant protein is a 



less efficient transcriptional activator than its 
wild type counterpart. 

All PAS helix-loop-helix transcription factors 
thus far studied act as heterodimers. Indeed, a 
Clock dimerizatibn partner has been recovered in 
a yeast two-hybrid screen. This protein, BMALI, 
is also a PAS htiix-lo op -helix protein and, like 
Clock, is widely expressed. The Clock :BMAL1 
heterodimer efficiently activates transcription of 
mperl, one of thb three mouse homologues of the 
Drosophila period gene. It is thus likely that the 
molecular model illustrated in the cartoon of 
Fig. 4 B also applies to mammalian systems. Tim 
still remains to be found in mammalian clock- 
works, but given the striking evolutionary conser- 
vation of the clock components period, clock/clk, 
and bmall/cyc there is likely that mammalian tim 
homologs will be found soon. 

In 1997 three murine genes, mperl, mper2, and 
mperS, with striking homology to Drosophila per 
have been isolated. The mRNAs encoding the 
three mPER isoforms accumulate according to a 
circadian rhythrp in the suprachiasmatic nucleus 
(SCN), believed to harbor the central clock. Un- 
like Drosophila per mRNA, the mRNAs encoding 
the three mPER isoforms reach maximal levels 
during the light phase and are not expressed dur- 
ing the dark pha$e. 

The accumulation of mperl and mper2 mRNA, 
but not that of mper3 mRNA, is strongly stimulat- 
ed by light in SCN neurons (see Sect. 31.4.3). 
Moreover, there is a close correlation between the 
light dose required for mperl induction and that 
eliciting a phase shift in locomotor activity. It is 
thus plausible that there is a causal relationship 
between mPERl induction and phase shifting. 

31.4 

Circadian Physiology in Mammals 

31.4.1 

Outputs: Vital Body Functions 
Are Under Clock Control 

In mammals, nearly all physiological processes 
are under the co|itrol of the circadian timing sys- 
tem. These include sleep-wake cycles, body tem- 
perature, heartbeat, blood pressure, liver metabo- 
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lism, liver blood flow, glomerular filtration, renal 
plasma flow, urine production, acid secretion into 
the gastro-intestinal tract, and gastric emptying 
time. It is believed, but not proven, that the SCN 
coordinates most if not all of these rhythms. 

All three hormones of the hypothalamus -pitui- 
tary- adrenal axis, CRF ( cor ticotrophin- releasing 
/actor), ACTH (adrenocorticotropin), and gluco- 
corticoids, oscillate with a robust amplitude in 
mammals. At least in part, these oscillations are 
under the control of the rhythmic release of SCN 
transmitters from SCN terminals ending in the 
dorsomedial hypothalamus. Glucocorticoids, in 
cooperation with additional circadian cues, regu- 
late diurnal carbohydrate metabolism, circadian 
cholesterol homeostasis, and other metabolic 
pathways. Other hormones whose levels vary dur- 
ing the day include TSH (thyroid-stimulation hor- 
mone), thyroid hormone, parathyroid hormone, 
testosterone, and melatonin. The secretion of 
some of these hormones is episodic, but neverthe- 
less under the control of the circadian clock. 

The SCN also communicates with other brain 
areas through neuronal connections. Among these 
relay stations of the SCN are the paraventricular 
nucleus, the retrochiasmatic area, the perifornical 
region, the lateral hypothalamic area, the posteri- 
or hypothalamic area, and the intermediolateral 
cell column in the spinal cord. The precise contri- 
bution of humoral and neuronal mechanisms in 
controlling different overt rhythms is still unclear. 
Both neuroendocrine and nervous signaling path- 
ways have been proposed for the daily regulation 
of blood pressure. A plethora of hormones with 
actions on the cardiovascular system are known 
(vasopression, vasoactive intestinal peptide, mela- 
tonin, somatotropin, insulin, steroids, serotonin, 
somatotropin, endorphins, and prostaglandin 
E32), and the secretion of several of these hor- 
mones fluctuates during the day. However, the cir- 
cadian rhythm of blood pressure is lost in tetra- 
plegic patients whose endocrine systems should 
not be affected. Therefore, circadian blood pres- 
sure regulation also involves neuronal signaling. 

In liver, the metabolism of many substances is 
subject to circadian regulation. The rates of both 
the synthesis and the degradation of glycogen 
fluctuate during the day. Indeed, the accumulation 
and/or activity of the enzymes involved in these 



processes, glycogen synthetase and glycogen 
phosphorylase, are subject to circadian regulation. 
This regulation is physiologically meaningful. It 
assures that energy stores are built up during the 
activity phase that can be utilized during the rest- 
ing phase. The synthesis of cholesterol and its 
conversion to bile acids are also oscillating during 
the day. In contrast to the circadian glycogen 
metabolism, however, cholesterol anabolism and 
catabolism display the same phase angle. Again, 
this regulation is physiologically sensible. During 
the activity period, when the animals eat, large 
amounts of bile acids are required for the emulsi- 
fication of food lipids. This in turn requires large 
amoifnts of cholesterol. The rhythmic metabolism 
of cholesterol is accomplished by the circadian ac- 
cumulation of HMG-CoA reductase and cholester- 
ol 7a hydroxylase, the rate-limiting enzymes in 
cholesterol synthesis and degradation, respec- 
tively. 

The liver is the major site for the metabolism 
of endogenous lipophilic substances, including 
steroid hormones, and xenobiotic components, 
such as medical drugs. In general, these mole- 
cules are transformed into water-soluble compo- 
nents by hydroxylation and conjugation to gluc- 
uronide, sulfate and acetate. Many enzymes that 
execute such functions, i.e., cytochrome P450 hy- 
droxylases and conjugases, display diurnal accu- 
mulation and/or activity profiles. This may ex- 
plain the temporal variations in toxicity and phar- 
macokinetics of certain drugs. 

31.4.2 

Genes Controlling Circadian Outputs 
in the Periphery 

In order to carry out circadian-regulated tissue- 
specific functions, the circadian accumulation 
and/or activity cycles of enzymes in peripheral 
tissues could, in principle, be governed solely by 
the oscillation of systemic signals, such as gluco- 
corticoids or melatonin. While hormones with 
circadian secretion clearly play an important role 
in controlling circadian outputs, they are not the 
only actors. In many peripheral tissues, several 
transcription factors have been discovered to 
display robust circadian accumulation cycles. In 
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Fig. 5, Circadian accumulation of DBF and TEF in rat liver 
nuclei. Nuclear protein extracts have been prepared from li- 
vers of rats sacrificed at 4-h intervals around the dock. 
Equal quantities (25 pg) of proteins from each time point 
were separated by SDS-polyacrylamide gel electrophoresis 
and probed by Western blot analysis for the presence of the 
two PAR leucine zipper transcription factors, DBF and TEF. 
The results shown here were obtained from rats kept on a 
12-h light/dark regimen (lights on 6h; lights off 18 h)j but 
similar data were obtained with rats kept in constant dark- 
ness for 7 days [After Fonjallaz P, Ossipow V, Wanner G, 
Schibler U 1996 The two PAR leucine zipper proteins, TEF 
and DBP, display similar circadian and tissue-specific ex- 
pression, but have different target promoter preferences. 
EMBO J 15:351-362) 



mouse and rat liver, for example, the trans- 
cription factors Rev- Elba (an ophan receptor 
related to the thyroid hormone receptor), DBP 
( albumin -D- site binding protein}, TEF (thyrotroph 
embryonic /actor), and HLF (/lepatocyte /eukemia 
/actor) cycle with amplitudes of 20- to more than 
100-fold during the day (see Fig, 5 for the circa- 
dian accumulation of DBP and TEF). Moreover, 
up to four circadian cycles of mRNA accumula- 
tion for these genes can be detected in cultured 
immortalized fibroblasts following a single stimu- 
lation by serum. This suggests that peripheral 
mammalian cells contain circadian clocks similar 
to the ones of SCN neurons. Serum factors may 
influence the circadian expression patterns in pe- 
ripheral cells, but may not be required for induc- 
tion of each circadian cycle (see Sect 31*4,3). 
Finally, the circadian expression of clock-con- 
trolled transcription factors, such as Rev-Erba, 
DBP, TEF, and HLF, influence the circadian ex- 
pression of target genes in peripheral tissues, 
either independent of or in concert with receptors 
for humoral factors. 



In this regardj, studies on the PAR leucine zip- 
per protein DBF' have indicated that DBP partici- 
pates in the circadian regulation of several cyto- 
chrome P450 enzymes. These include cholesterol 
la hydroxylase, coumarin 7 -hydroxylase, and tes- 
tosterone 15f2 hydroxylase. The promoters of the 
genes specifying these enzymes carry high affini- 
ty DBP recognition sites, and are strongly acti- 
vated by DBP in transfection experiments. More- 
over, in mice homozygous for a DBP null allele, 
the circadian expression of these cytochrome 
P450 hydroxylases is altered in either the phase 
angle (cholesterol la hydroxylase) or the ampli- 
tude (coumarin 7-hydroxylase and testosterone 
15n hydroxylase). 

However, clock- controlled genes are also sub- 
ject to regulation by additional cues. For example, 
cholesterol la hydroxylase expression can be acti- 
vated by cholesterol and steroid hormones, and 
repressed by bile acids. A large part of bile acids 
is actually reabsorbed by the gut and transported 
back into the liVer, These additional modulations 
assure that the animal can adapt the production 
and utilization of metabolites to its precise needs. 
Cholesterol homeostasis in the liver is a particu- 
larly attractive system to exemplify the interplay 
between circadian and inducible systems. As out- 
lined above, cholesterol la hydroxylase expression 
is under clock control. In mice and rats, zenith 
expression is observed during the night, resulting 
in the conversion of cholesterol to bile acids. In 
order to maintain intracellular cholesterol concen- 
trations, hepatocytes have to import cholesterol 
or synthesize it de novo. This regulation is ac- 
complished by an intracellular cholesterol sensor. 
SREBP (sterol- responsive element binding pro- 
tein), SREBP, is a transcription factor activating 
several genes involved in the synthesis (e. g„ HMG 
CoA synthase, HMG CoA reductase) and uptake 
(low density lipoprotein [LDL] receptor) of cho- 
lesterol. In the presence of high concentrations of 
cholesterol in cell membranes, SREBP exists in 
the cell as an inactive precursor protein bound to 
membranes of the endoplasmic reticulum. If cho- 
lesterol levels drop, the precursor protein is 
cleaved and active SREBP is released. After its 
translocation to the nucleus, SREBP activates its 
target genes encoding HMG CoA synthase, HMG 
CoA reductase', and LDL receptor. Thus, the 
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rhythm of daily HMG expression in the liver may 
well be an indirect consequence of circadian cho- 
lesterol la hydroxylase expression. Consistent 
with this model, stably transformed cultured cells 
overexpressing cholesterol la hydroxylase also 
contain higher levels of proteolytically activated 
SREBP protein and HMG CoA reductase mRNA. 

31.4.3 

Entrainment of Peripheral Clocks 

As mentioned above (Sect. 31.4.2), mammalian 
cell types such as hepatocytes or fibroblasts, may 
contain a circadian clock. Like SCN neurons, 
these peripheral cell types express the putative 
clock genes perl, perl, and the clock-controlled 
genes rev-erba, dbp, and tef, in a circadian fash- 
ion. This raises the question of whether peripher- 
al clocks are indeed under the control of a master 
clock or whether they tick autonomously. A 
strong argument in favor of the first hypothesis 
comes from the phase angle advance of circadian 
gene expression in the SCN. For example, the 
mRNAs encoding DBP, PERI, and PER2 reach 
zenith and nadir levels about four hours earlier in 
the SCN as compared to liver and other peripher- 
al tissues. An attractive hypothesis is that while 
the SCN master clock is entrained by the photo- 
period, the peripheral clocks are reset by blood- 
borne signals originally emanating from the SCN 
(Fig. 6). This would explain the delay in cycling 
in peripheral tissues and the serum-induced circa- 
dian gene expression of several genes in cultured 
cells. The similarity between light-induced im- 
mediate early gene expression in the SCN and se- 
rum-induced immediate early gene expression in 
peripheral cell types is a further argument in fa- 
vor of blood-borne time cues resetting peripheral 
clocks. In fact, all immediate early genes that are 
light-induced in the SCN are also serum induced 
in cultured cells. These include the genes encod- 
ing the putative clock components PERI and 
PER2, the AP-1 transcription factors c-Fos, FosB, 
and JunB, the Zinc-finger proteins NGFI-A/Zif268 
and Egr-3, and the orphan receptor NGFI-B/ 
Nur77. An in situ hybridization experiment de- 
monstrating the light-induction of c-fos mRNA 
and mperl mRNA in the mouse SCN is shown in 
Figure 7. 



A hypothetic model illustrating how mamma- 
lian clocks might be reset by light or serum fac- 
tors is illustrated in Fig. 8. The induction of im- 
mediate early genes leads to a repression of clock 
genes and clock- controlled genes. After the im- 
mediate early repressors have decayed, the tran- 
scription of clock genes resumes until critical lev- 
els of their products are reached. Clock proteins 
will then downregulate the expression of both 
their own genes and clock-controlled genes, and 
the transcription cycles can restart. 



Outlook 

During the past decade, animal chronobiology 
has left its status as a mostly descriptive science. 
Several clock genes have already been identified 
and more are yet to come. Two recent accom- 
plishments in mammalian organisms are particu- 
larly exciting. The first is the demonstration that 
behavioral mutant screens are feasible in mouse, 
and that the mutated genes can be isolated by po- 
sitional cloning. The second is that, after many 
years of failure, the “candidate gene” approach 
has also met with success. Thus, sequence homol- 
ogy searches in human and murine data bases 
and a systematic PCR approach resulted in the 
isolation of a small family of mammalian period- 
related genes. The similarities between Drosophila 
and mammalian per genes strongly suggest that 
the basic oscillator mechanism is similar in both. 
Therefore, information gained in one system will 
necessarily have repercussions in the other. The 
isolation of new clock components by genetic ap- 
proaches will probably continue to be more effec- 
tive in Drosophila. However, the biochemical dis- 
section of pacemakers may be more readily ac- 
complished in mammalian systems. In fact, circa- 
dian clocks have been shown to exist in immorta- 
lized mammalian cells that are easily grown and 
manipulated in vitro. 

In Drosophila, oscillations in peripheral tissues 
may be entrained by non-ocular light perception. 
Major efforts will go into the identification of the 
light-sensitive components and their downstream 
interaction partners that are responsible for the 
photic clock entrainment. Non-ocular, light-in- 
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Fig. 6. Hypothetical model for entrainment of 
docks in SCN neurons and peripheral cell 
types. The master clock, residing in the SCN, 
is entrained by light. SCN neurons govern the 
circadian and/or episodic secretion of chemical 
signals into the blood stream. These blood- 
borne molecules entrain clocks in peripheral 
cell types. This model differs from previously 
proposed output models in that it postulates 
the presence of similar docks in most cell 
types. A major role of (the) master oscilla- 
tor (s) would thus be to synchronize peripheral 
oscillators made up of the same components as 
the master oscillators. As a consequence, the 
same dock- related genes display circadian 
expression in both the SCN and peripheral 
organs, but with a 4'h phase advance in the 
SCN. 



duced phase shifting has also been demonstrated 
in humans, hut it is unlikely that this mechanism 
plays a major role in synchronizing clocks in 
organs such as the liver or kidney. More likely^ 
peripheral mammalian docks are reset by blood* 
borne signaling molecules whose accumulation is 
controlled by the SCN. The identification of these 
molecules, if existing, will be an enticing end- 
eavor. 



In humans (and other mammals), most physio- 
logical processes are probably clock-controlled to 
some extent. It is thus likely that a better molecu- 
lar understanding of the circadian clock will have 
major implications on medical applications. Not 
only will the treatment of relatively benign disor- 
ders, such as jet lag and sleeping disturbances, 
profit from a detailed biochemical knowledge in 
chronobiology, but the prevention and cure of 
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Fig» 7* Light induction of c-fos and 
mperl expression in the mouse 
SCN. Mice kept under DD condi- 
tions were given a light pulse 
(50 btj 15 min) at circadian time 
22, This treatment leads to a posi- 
tive phase shift (see Fig, 3)* AnL 
mals were sacrified after the times 
indicated at the left (0 to 
120 min)^ and coronal brain sec- 
tions taken above the optical 
chiasma were hybridized in situ to 
radiolabeled c-fos and mperl anti- 
sense riboprobes (see Albrecht U, 
Sun ZSy Eichele G, Lee CC 1997 A 
differential response of two puta- 
tive mammalian circadian re^la- 
tors, mperl and mperl ^ to li^t. 
Cell 91:1055-1064) 
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Fig. 8. The entrainment of circadian clocks in mammals 
(hypothetical model). Light and blood-borne factors induce 
the same immediate early genes in SCN neurons and pe- 
ripheral cell types, respectively. Some immediate early gene 
products (e.g., PER proteins) are repressors and extinguish 
the expression of clock genes (e.g., perl and per2) and 
clock-controlled genes (ccgs, e.g., rev-erba^ dbp, tef). After 
the repressor have decayed, the clock genes can resume 
synchronous transcription cycles, according to negative 
feedback mechanisms (described for Drosophila in Fig. 4). 
The oscillation of clock proteins also drives circadian ex- 
pression of ccgs (indicated by the solid connection between 
the clock gene and ccg cycles). In turn, ccg products can 
influence certain parameters (such as amplitude or r) of 
the clock gene cycle (indicated by the dottet connection be- 
tween the clock gene and ccg cycles). For example, mice 
homozygous for a null allele of the clock-controlled gene 
DBP are still rhythmic, but have a shorter period and a 
lower amplitude of locomotor activity than wild-type mice 
(After Balsalobre A, Damiola F, Schibler U 1998 A serum 
shock induces circadian gene expression in mammalian tis- 
sue culture cells. Cell 93:929-937) 



cardiovascular diseases and cancer, the two major 
human killers, are expected to benefit from ad- 
vances made in this field as well. The daily fluc- 
tuations in hepatic drug metabolism and renal 
drug excretion activity are likely to have an im- 
portant influence on the pharmacokinetics and ef- 
ficacy of many medications. These temporal pa- 
rameters should thus be considered in future 
treatments. In fact, pre-clinical and clinical trials 
have already documented the benefit of circadian 
chemotherapy regimens in the treatment of cer- 
tain malignant tumors. Thus far, chronopharma- 



cology, the science dealing with day-time-depen- 
dent pharmacokinetics and drug efficacy, still re- 
lies mostly on empirical principles. There is hope, 
however, that this will change with the progress 
in circadian clock research expected for the next 
decade. 

31.6 

Summary 

Circadian clocks can be viewed as time measur- 
ing systems designed to anticipate and “plan” the 
activity period for the next day. Under laboratory 
conditions, mutations or surgical interventions 
(e.g., SCN lesions) that render animals arrhyth- 
mic do not critically affect longevity. However, 
under the mor^ hostile conditions encountered in 
nature, the capacity of temporal anticipation may 
bear a significant advantage for survival. This is 
suggested by the widespread occurrence of circa- 
dian clocks in the animal kingdom. 

Circadian clocks are composed of an input 
pathway, an oscillator, and an output pathway. 
Daily changes in light intensity are the major en- 
vironmental tiilie cues entraining the clock. De- 
pending on the species and/or the cell type, pho- 
tic entrainment is accomplished by ocular or non- 
ocular pathways. In Drosophila, light induces the 
rapid degradation of TIM protein. As PER protein 
is unstable in fhe absence of TIM, the disappear- 
ance of TIM also leads to a decrease in PER lev- 
els. Wile per and tim are components of a night 
clock in Drosophila, the mammalian per homolo- 
gues appear to be part a day clock. Therefore, in 
mammalian organisms light is more likely to re- 
set circadian time by inducing, rather than de- 
stroying, clock components. Indeed, the mamma- 
lian perl gene is activated in animals exposed to 
a light pulse. Peripheral clocks exist in both in- 
sects and mammals. In the latter, peripheral 
clocks are likely to be entrained mainly by blood 
borne signals. Serum factors activate the same 
immediate early genes in cultured cells as light in 
the SCN. Therefore, photic and chemical clock in- 
puts may exploit similar signal transduction path- 
ways. 

While the entrainment of day and night clocks 
is likely to be different, the basic oscillator mech- 
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anisms underlying them may be similar. In both 
Drosophila and mammals, temporal oscillations 
may be generated by negative feed back loops of 
clock genes. According to the model proposed for 
Drosophila, per and tim mRNAs are transcribed 
until their protein products reach a critical con- 
centration and/or activity, after which they auto- 
matically repress transcription of their own 
genes. It is important that the TIM and PER pro- 
teins do not reach the threshold required for 
autorepression too early. Otherwise the transcrip- 
tional surge would be killed in its early develop- 
ment and the system would fall into equilibrium. 
A delay of self-repression may be accomplished by 
a retarded nuclear entry of PER:T1M heterodi- 
mers. The parameters which determine the timing 
of this nuclear translocation are not yet known, 
but it is likely that protein phosphorylation is in- 
volved. After the decay of PER and TIM proteins, 
per and tim mRNA synthesis can resume and in- 
itiate another circadian cycle of circadian PER 
and TIM accumulation. 

Once translocated to the nucleus, clock gene 
products may also repress (or activate) clock-con- 
trolled genes, and thereby orchestrate circadian 
outputs within the cell. Some clock- controlled 
genes encode transcription factors, such as the 
Drosophila protein Crg-1 or the mammalian pro- 
tein DBP. These clock-controlled transcription 
factors can regulate the coordinate circadian ex- 
pression of downstream genes. 
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Glossary 

Clock genes and clock gene products 

Lowercase italic letters are used for the names of 
genes and mRNAs. Protein names are given in 
uppercase letters throughout the word or for the 
first letter. 

per: Drosophila period gene, encodes a PAS do- 
main protein 

mperl : murine period 1 gene 
mper2: murine period 2 gene 
mper3: murine period 3 gene 
tim: Drosophila timeless gene, encodes a protein 
that dimerizes with the PER protein 
dbt: Drosophila doubletime gene, encodes a pro- 
tein kinase homologous to the human casein ki- 
nase Is which phosphorylates the PER protein 
clock: murine clock gene, encodes a PAS helix- 
loop-helix transcription factor 
dclock or elk: Drosophila clock gene 
bmall: murine bmall gene, encodes a PAS helix- 
loop-helix transcription factor 
dbmall/cyc: Drosophila bmall or cycle gene 

Other terms 

Zeitgeber time: Time elapsed since light ( = Zeit- 
geber) was turned on 

Circadian time: Time measured under constant 
conditions (e.g. constant darkness), as manifested 
by animal behavior. CT = 0 corresponds to the 
time at which, under entrained conditions, the 
light was turned on. This time can be estimated 
by correlating locomotor activity (or another cir- 
cadian output) under constant conditions to that 
under entrained conditions. The circadian time 
units (sec, min, hours, days) can be longer or 
shorter than the real time units, depending on the 
length tau (t) of the free-running period 

Immediate early genes: Genes that are rapidly ac- 
tivated in response to external chemical or physi- 
cal stimuli and whose activation does not require 
protein synthesis 

Glomerular filtration: Filtration of blood plasma 
by kidney tubules 
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32.1 

Introduction 

Polarity is a fundamental property of biological 
systems. In the biological context, we define po- 
larity as the persistent asymmetrical and ordered 
distribution of structures along an axis. Polarity 
is all pervading. Polarity allows the development 
of functional complexity, not only in multicellular 
organisms, but also in cells and in subcellular 
structures. Polar organization allows regions hav- 
ing different functions to be physically related in 
a manner appropriate for integration of function 
within the whole organism. Increased functional 
complexity is seen as being of adaptive value; for 
example, complexity extends the range of an or- 
ganism by increasing its tolerance of diverse en- 
vironments. Most of the preceding pages deal 
with some aspect of development involving polar- 
ity. In this chapter, we will examine the problems 
of programming polarity during development and 
its consequences. 

32.2 

Biological Polarity and Scale ^ 

It is important from the outset to realize that the 
different levels at which polarity exists in biologi- 
cal systems are not necessarily related. 

32 . 2.1 

Polarity at the Level of the Whole Organism 

It is difficult to think of a multicellular organism 
that does not show polarity along at least one ma- 
jor axis. Although the alga Volvox carteriae may 
seem to be an exception, its apparent symmetry 
is secondary. Plants, being non-motile and depen- 



dent on light as their energy source, have one ma- 
jor polar axis, which is usually related to both 
light and gravity. Thus higher plants have roots 
below ground and stem and leaves above. Non- 
motile animals also commonly have only one ma- 
jor axis of asymmetry. Organisms with one major 
polar axis are described as having radial symme- 
try (see Fig. 1). 

Motile animals have an anterior/posterior polar 
axis, with sense organs tending to be located ante- 
riorly where they can confront the environment 
first. Almost all motile organisms show further po- 
larity along a dorsoventral axis. The designation of 
this axis as dorsoventral itself indicates its relation 
to the gravity vector and reflects the importance of 
this major component of the polar environment in 
which life has evolved. Organisms with two axes of 
asymmetry are described as having bilateral sym- 
metry, since the two halves of their body divided 
along the plane defined by the two axes are mirror 
images (see Fig. 2). 

Although bilateral symmetry appears to be the 
most common form of polar organization shown 
by motile animals, many, including humans, show 
further asymmetry along a left/right axis (see 
Fig. 3). In many cases, polarity along a third axis 
allows an even higher degree of functional specia- 
lization. Thus, the major claws of the lobster, Ho- 
marus vulgaris are specialized differentially, one 
for crushing prey, the other for cutting it up. 

Chirality, defined as structural asymmetry in 
three dimensions, is illustrated by the coiling of 
snail shells (see Fig. 4). Chirality was one of the 
first cases where such asymmetry was shown to 
be genetically controlled. Chirality is not confined 
to animals. Some species of twining plants have 
stems that show consistent clockwise coiling while 
other species coil consistently anticlockwise, and 
even some prokaryotes show chiral asymmetry. 
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Fig» la-c. Radial symmetry: polarity along a single axis. 
Most organism that are not capable of locomotion have 
only one major axis of asymmetry, a Trees^ in common 
with most higher plants, have a single polar axis cued prin- 
cipally by gravity, roots below ground and stems and leaves 
above. Although the branches are asymmetrical, the asym- 
metry is not ordered, b The colonies of moulds such as As- 
pergillus nidulans have a single polar axis, cued by the sub- 
stratum. Radial polarity can also be clearly seen. An outer 



ring of tissue which has not yet produced spores surrounds 
a ring in which immature, unpigmented spores have been 
produced, which, in turn, surrounds the large inner zone 
containing tissue that bears matue pigmented spores. The 
petri dish is 90 miin mdiameter. c Non- motile animals such 
as anemones also have a single major axis of asymmetry, 
cued by its attachlneiit to the substratum. The dorsal view 
clearly displays its j radial polarity, with a central mouth sur- 
rounded by tentacles. The anemone is about 100 mm across 





Fig, 2a,K Bilateral symmetry: polarity along two axes. Mo- 
tile animals generally have two major axis of asymmetry, 
anteroposterior and dors o ventral a Adult Drosophila mela- 
nogaster show typical bilateral symmetry The two sides of 



the body divided along the mid- line are mirror images, 
b Some higher plants, such as the queen palm show here, 
are bilaterally asymmetrical, but since they are not motile, 
the significance of this is less easily understood 
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Fig. 3a-c. Asymmetry along a third axis. Handedness, the 
possession of organs on either side of the mid-line that are 
mirror images of one another, does not represent an asym- 
metry along the left -right axis at the level or the whole organ- 
ism even though the individual organs may show asymme- 
tries along all three axes, a The leaves of this plant (ca. 
50 mm across) show handedness j leaves borne on opposite 
sides of the prostrate stem are mirror images of one an- 
other. t> True asymmetry along the left- right axis is shown 



by the nematode Caenorhabditis elegans. The ventral view of 
a young adult hermaphrodite ( I mm long) shows that the in- 
testine, the light structure running from the head (to the left) 
to the tail, twists as it passes the mid-ventral vulva. The 
handedness of this twist results from displacement by the go- 
nad and is invariant for this species, c Stomata (leaf pores) 
arc plant organelles that are oilaterally symmetrical, with 
two guard cells (gc) flanking a central pore. The individual 
guard cell shows polarity along three axes. Bar 10 pm 



for example the aerial hyphae of Streptomyces coe- 
Ikolor consistently spiral anti-dockwise. 

32 . 2.2 

Polarity at the Level of the Organ 

Even where organisms show only one major polar 
axis, as with flowering plants, their organs may 
show higher orders of asymmetry. Leaves show 



two axes of asymmetry, from base to tip and from 
top to bottom, and some leaves show asymmetry 
along the third axis, the two halves of the leaf 
being different {see Fig. 3). However, this may be 
a case of true -handedness, where organs to the 
right and left of the mid line are mirror images, 
as in the case of our own hands, and so simply a 
manifestation of bilateral symmetry Many flowers 
show asymmetry along two axes, a structure de- 
scribed as zygomorphic. Most orchid flowers show 
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elaborate zygomorphy. The genetic programming 
of flower structure in the snapdragon, Antirrhi- 
num majus, has been studied extensively (see 
Chap. 11) and genes have been identified, in which 
mutation results in the conversion of the zygo- 
morphic flower to a flower with radial symmetry. 
The function of such genes is unclear but is more 
likely to be involved downstream of the establish- 
ment of the polar axis, rather than in the establish- 
ment of the axis itself (see Sect. 32.3.2 below). 

Organs within animals too, show multiple axes 
of asymmetry. The mammalian heart, for exam- 
ple, shows polarity along anterioposterior, the 
dorsoventral and the left/right axes. Genetic varia- 
tion is known that affects the polarity of develop- 
mental axes in mammals. The situs inversus phe- 
notype has the layout of thoracic organs changed 
so that the normal left/right polarity is reversed. 

32.2.3 

Polarity at the Level of the Single Cell 

Almost without exception, cells show polarity. 
Most single-celled organisms show polarity along 
at least one axis, e.g.. Bacillus subtilis, Saccharo- 
myces cerevisiae, Chlamydomonas reinhardU and 
many show asymmetry along more than one axis, 
e.g., Paramecium tetraurelia. Within multicellular 
organisms, cell polarity is often crucial for cell 
function. The sieve tubes of flowering plants have 
a polar structure associated with their directional 
transport function. Animal epithelial cells and 



◄ 

Fig. 4a-d. Chirality: structures requiring asymmetry in 
three dimensions, a Twining plants and snail shells show 
consistent chirality, b The spiral arrangement of leaves or 
petals, as illustrated by this Camellia flower, does not ap- 
ear to be under genetic control, the direction of the spiral 
eing chosen stochastically. Chirality is common for bio- 
logical molecules but is also found for multiprotein arrays. 
Models of the capsids of (c) the human papilloma virus 
and (d) the rabbit papilloma virus are mirror images of 
one another. The molecular basis and functional signifi- 
cance of this example of chirality is poorly understood. To 
help see that the two structures shown are mirror images 
of one another, equivalent subunits have been marked; the 
subunit marked is surrounded by six further subunits, 
whereas the subunit marked# is surrounded by five sub- 
units. (c and d Journal of Molecular Biology 11, Klug, A. 
and Finch, J. T., Structure of viruses of the Papilloma-poly- 
oma type. I Human wart virus, pp 403-423, 1965) 



plant epidermal cells have polarity associated with 
their function of being at a boundary between the 
tissue they abut and the exterior environment. 
Neurons show elaborate polarity associated with 
their function of neural conduction. 

32.2.4 

Polarity at the Subcellular Level 

Arrays of molecules often show highly ordered po- 
larity which is intrinsically connected to function. 
The capsid of the bacteriophage T4, the assembly 
of which was described in Chapter 1, is an excel- 
lent illustration of a subcellular, multimolecular 
complex showing strong polarity. The T4 capsid 
is polar because it has evolved as a highly efficient 
device for the delivery of viral nucleic acid into the 
bacterial cell, with a head containing DNA and a 
tail that acts as a contractial device for penetrating 
the host to allow DNA delivery. Tail fibres attached 
to the base of the tail allow specific recognition of 
the host species. Ribosomes show structural polar- 
ity which is again intrinsically connected with 
function. Nor is polarity at the subcellular level 
confined to a single axis. The icosohedral capsid 
of papilloma viruses shows handedness, with hu- 
man papilloma being right-handed whereas rabbit 
papilloma virus is left-handed (see Fig. 4). 

32.2.5 

Polarity at the Level of the Single Molecule 

Most biologically active molecules show polarity. 
We should make clear that what is meant by po- 
larity here is not polarity in the chemical sense, 
although all chemically polar molecules inevitably 
show structural polarity. Amino acids and sugars 
exist as optical isomers, and are described as hav- 
ing chirality, with three axes of asymmetry. Prob- 
ably the best examples of both structural and 
functional polarity in biological macromolecules 
are found in the cytoskeletal proteins, actin and 
tubulin. Their self-assembly into microfilaments 
and microtubules, respectively, generates polar 
structures which show differences both in the rate 
of growth or polymerization of the two ends, and 
in their morphology when viewed under certain 
conditions with the electron microscope. 
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It is not clear whether polarity at the level of 
the cell or organism is related to molecular polar- 
ity, although some models have suggested a con- 
nection (see Sect. 32.3.2 below). 

32.3 

The Generation of Polarity 

32.3.1 

Self-Assembly Can Generate a Polar Structure^ 

By self-assembly, we mean the ability of compo- 
nents of a system to assemble to form a multi- 
component product without specific inputs from 
outside the system. Thus the assembly of the cap- 
sid of the T4 bacteriophage, described in Chapter 
1, represents an example of a self-assembling sys- 
tem. The bacterial environment in which the cap- 
sid is produced may be essential for capsid ma- 
turation but the bacteria do not contribute polar 
information, and so the polarity of the capsid it- 
self is an inherent property of the proteins of 
which it is composed. 

A similar situation probably holds for ribosome 
assembly, but some of the best-documented studies 
of polar structures generated by self-assembly are 
microtubules and microfilaments. Given the appro- 
priate energy supply, the actin microfilament and 
the tubulin microtubule polymerize and grow at 
different rates at each end. When filaments are gen- 
erated in vitro, the fast or plus end adds actin or 
tubulin subunits faster than the slow or minus 
end. Presumably, differences in the rate of polymer- 
ization are caused by conformational changes of 
each subunit as it enters the polymer. 

Do multimolecular complexes such as virus 
capsids, ribosomes and cytoskeletal elements re- 
present the limit for the generation of polar struc- 
tures without external input? It has been pro- 
posed that in some cases polar development at 
the level of the cell is generated without external 
input. A model for the generation of an asymme- 
trical spore septum at the start of sporulation in 
Bacillus subtilis proposes that, following the onset 
of starvation, the site at which the central cell 
septum, characteristic of vegetative cell division, 
normally forms is blocked and chromosome repli- 
cation proceeds. One daughter chromosome then 



completes its replication before the other. The cell 
now contains one chromosome that is still repli- 
cating and the two sister chromosomes resulting 
from the completed replication of the other chro- 
mosome. A septum is then formed between the 
two sister chromosomes, dividing the cell asym- 
metrically, and the smaller daughter cell develops 
into the spore, and the larger daughter cell into 
the spore mother cell. The phenotypes of various 
mutants that show abnormal septation and subse- 
quent development support this model; but if this 
is indeed the method by which B. subtilis 
achieves polar development, to what extent can it 
be thought of as self-assembly? While it can be 
argued that the initial generation of asymmetry 
depends on chance, it nevertheless appears to be 
a highly developed system to generate polarity. A 
model of this type can be extended to generate 
polarity wherever the axis of polarity need not be 
related to existing structures or to the external 
environment. Thus any cell that contains a single 
component and divides will result in one daugh- 
ter having that component and the other being 
without it and so a polar axis will be established. 

32.3.2 

The Orientation of a Polar Axis May Be Determined 
by Chance^ 

Most animals, e.g., amphibians, molluscs and sea 
urchins, develop from an egg with one axis, termed 
the animal-vegetal axis, established before fertiliza- 
tion. Even mammalian species, long thought to have 
no embryonic axes established at the time of ferti- 
lization, may generate an axis of asymmetry dur- 
ing oogenesis that directs aspects of subsequent 
embryonic development. 

The animal-vegetal axis appears to be important 
for the subsequent development of the embryo, 
since cells containing cytoplasm from different po- 
sitions down this axis have different specified de- 
velopmental fates. The animal- vegetal axis is estab- 
lished during the process of meiosis that gives rise 
to the egg. Meiosis of the diploid precursor cell 
(generally called an oocyte), which is apparently 
spherically symmetrical, proceeds by way of two 
highly asymmetrical cell divisions, to generate a 
large haploid egg, the female gamete, and two 
much smaller polar bodies, the sister and aunt of 
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Fig» 5 , Polar axis determination in Caenorhah- 
ditis elegant, i-viii Establisment of the dorso- 
ventral axis and ix-xv subsequent establish- 
ment of the left -right axis* i-viii Lateral views 
although the dorsoventral axis ls only defined 
at vii. ix-xv Views from the dorsal surface 
although the polarity of the left-right axis is 
only established at xiv. The anterioposterior 
axis is established at fertilization by the posi- 
tion of sperm entry (i) and the first cell divi- 
sion (ii in) is asymmetric giving the larger 
anterior blastomere AB ana the smaller blasto- 
mere Pi- After this cell division j the centro- 
somes with associated microtubules divide and 
move around the nucleus to opposite poles (iiij 
iv). In Pi, the centrosome organization is rea- 
ligned by the microtubulues of one aster being 
captured by a cortical site (arrowhead) at the 
anterior of (fv-vf). The skewing of the 
transverse division of AB causes one daughter 
to make up a more posterior position and 
thereby specify the dorsal surface (vi-viU), 
With tne division of Pj, four cells are gener- 
ated; ABa^ ABpj EMS and From the dorsal 
side, EMS is obscured and ABa, ABp and P2 
are apparent (/x). The centrosomes of the AB 
daughters with associated microtubules, divide 
and move around the nucleus to opposite 
poles (x, xi). The skewing of the transverse di- 
visions of ABa and ABp causes one daughter 
of each division to take up a more posterior 
position and thereby specify the right side 
(xih'-xv). The four granddaughters of AB are 
ABal, ABal, ABpl, ABar and ABpr. P2 and EMS 
will divide subsequently. The diagram is drawn 
to illustrate the similarity in the processes for 
generating dorsoventral and left-rigth polarity* 
Although the direction of the left-right axis is 
naturally invariant, the polarity of either of 
these axes can be reversed by simply pushing 
the more anterior cells (ABa or ABal/ ABpl) 
into the more posterior position 



development from I cell stage 
view from left side 



* ■ (specified by pojnl) 

anterior posterior (of sperm 





EMS 




ABpl 



the mature egg* The highly unequal cytokinesis of 
these cell divisions requires the nucleus to be dis- 
placed from the centre of the large cytoplasmic 
mass. It is this asymmetric position of the nucleus 
in the mature egg that defines the animal pole, and 
the vegetal pole is on the opposite side of the egg* 
The positioning of the nucleus in the mature 
egg, and hence the animal- vegetal axis, may be 



arbitrary and therefore represent an example of 
the generation of polarity de novo, without exter- 
nal input. An animal egg probably does not need 
to develop in any particular orientation, as align- 
ment with respect to the environment can occur 
through movement after hatching. Axes are 
needed within the egg to coordinate development 
of different parts of the embryo with respect to 
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each other and not to anything external to the 
egg. Therefore, while the first embryonic axis is 
essential, the position and orientation of that axis 
may not matter. 

The position of the female pronucleus may de- 
fine the animal pole, but the way in which this axis 
influences embryonic development, the interpreta- 
tion of this axis, is less clear. An asymmetric orga- 
nization of the egg cytoplasm is generated by 
movement along microtubules, with yolk becom- 
ing more concentrated at the vegetal pole along 
with particular mRNA transcripts and proteins 
that direct embryonic development. Whether the 
displacement of the nucleus from a central posi- 
tion is a part of the redistribution of the cytoplas- 
mic contents or instead the asymmetric position of 
the nucleus directs the reorganization of the cyto- 
plasm, is not clear. Whatever the mechanism, cyto- 
plasmic determinants localized with respect to the 
animal-vegetal axis do have an important role in 
directing subsequent embryonic development. 

For other animals, such as Drosophila melano- 
gaster, the environment of the egg does specify 
the first axis (see Sect. 32.4 below), but then the 
polarity in the second axis appears to be gener- 
ated de novo. The second axis must be perpendi- 
cular to the first axis but the direction with re- 
spect to the environment does not matter and ap- 
pears to be specified in an arbitrary manner. 

For Caenorhabditis elegans the dorsoventral axis 
is defined by the direction of the second cell divi- 
sion after fertilization (see Chap. 15 and Fig. 5). 
The first division occurs along the anterioposter- 
ior axis and generates two cells of different size. 
The larger of the two cells formed by this first di- 
vision is designated AB, while the smaller cell is 
designated Pi. The AB cell attempts to divide 
transversely but the confines of the egg shell 
mean that the division occurs at an oblique angle. 
One of its daughter cells, and it could be either, 
as both are developmentally equivalent, must take 
up a more posterior position. The posterior 
daughter of AB occupies, and thereby identifies, 
the dorsal side of the embryo. The oblique divi- 
sion of AB causes EMS, the anterior daughter of 
Pi, to take up a ventral position. Subsequent as- 
pects of dorsoventral polarity follow on from this 
initial distinction, but the direction of this dis- 
tinction appears arbitrary. 



For Drosophila melanogaster the dorsoventral 
axis is defined by the position of the oocyte nu- 
cleus and the direction of this axis may also be 
fixed arbitrarily (see Chap. 19). The anteriopos- 
terior axis has already been defined and the oo- 
cyte nucleus moves along microtubules, from the 
posterior to the anterior of the oocyte, taking up 
a position off of the anterioposterior axis. The di- 
rection off the anterioposterior axis may not be 
specified other than stochastically. Rotational 
symmetry about the anterioposterior axis has 
thereby been broken and signals emanating from 
the oocyte nucleus direct the closest of the follicle 
cells, uniformly surrounding the oocyte, to have a 
dorsal identity. Subsequent signals from the folli- 
cle cells (actually the follicle cells on the ventral 
surface, i.e., those not specified as dorsal) will 
feed back to specify the dorsoventral polarity of 
the developing embryo. 

32.3.3 

The Establishment 

of Chirality May Pose Special Problems^ 

The third embryonic axis, the left-right axis, may be 
more complicated for an embryo to establish than 
the first two axes. Consistent left-right differences 
are common amongst animals. In such species, 
both the direction and the polarity of the left-right 
axis are fixed by the prior specification of the ante- 
rioposterior and dorsoventral axes. Most models to 
explain biological handedness fail to identify any- 
thing other than chiral molecules as capable of pro- 
viding the primary cue for the left-right asymmetry. 
If a chiral molecule were to provide the primary 
cue, it would have to be aligned with respect to 
both the anterioposterior and dorsoventral axes 
and the handedness of the molecule would then im- 
part some left-right inequality that would be inter- 
preted during development. 

In vertebrates, left-right polarity is not appar- 
ent morphologically until comparatively late in 
embryo development, with looping of the heart 
tubes. Mouse mutants are known that have altered 
left-right polarity. These include inversus viscer- 
um (iv) and inversion of embryonic turning (inv). 
Several important genes, e.g., nodal, sonic hedge- 
hog (Shh), hepatocyte nuclear factor-3f (HNF3f) 
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and lefty, are expressed at gastrulation with left- 
right asymmetry, but this is downstream from the 
actions of the iv and inv genes. The products of 
the inv and iv genes cannot play a role in estab- 
lishing the left-right axis, however, as this axis is 
still reliably specified in mice homozygous for 
mutant alleles of either gene. In mice homozygous 
for inv, polarity along the left-right axis is always 
reversed, a phenotype termed situs inversus. The 
majority of mice homozygous for iv are equally 
likely to show a normal or a situs inversus pheno- 
type, indicating that although the alignment of 
the left-right axis is still specified correctly with 
respect to the anterioposterior and the dorsoven- 
tral axes, the choice of polarity along that axis 
can no longer be specified. 

There are thus two steps in left-right axis spe- 
cification in vertebrates. First, the direction of the 
left-right axis is established at rightangles to the 
plane of bilateral symmetry. If no external inputs 
are required, the alignment of the left-right axis 
may be an innate property of the developing sys- 
tem and hence an example of self-assembly. Once 
the alignment of the left-right axis is determined, 
polarity along it is established. In the absence of 
the iv gene product, polarity is established sto- 
chastically. The role of the iv gene product is to 
bias that stochastic decision in one particular di- 
rection. 

The iv and inv genes have recently been iso- 
lated and sequenced. The iv gene encodes a dy- 
nein heavy chain. Dyneins are microtubule-based 
motors, consisting of complexes of proteins, that 
use energy from ATP hydrolysis to generate mo- 
tive force, resulting in their sliding with respect 
to microtubules. The heavy chain contains the 
motor domain of the dynein complex. The inv 
gene encodes a protein showing homology with 
ankyrins. It is thought that in mammalian red 
blood cells, ankyrins cross-link membrane pro- 
teins to the actin cytoskeleton by way of another 
class of proteins, spectrins. However, the candi- 
date inv product does not contain the spectrin- 
binding domain present in ankyrins. No further 
information is yet available on the function of the 
iv and inv gene products but the information al- 
ready available once again suggests a close rela- 
tionship between axis specification and cytoskele- 
tal structures. 



In Caenorhabditis elegans, left-right asymmetry 
is set up in the embryo at the six-cell stage by the 
twist of two transverse cell divisions (see Chap. 
15 and Fig. 5). Polarity along the left-right axis is 
invariant, but the way in which the invariant po- 
larity is achieved is not understood. Despite the 
excellent genetics of this organism, no mutations 
have been found which affect the primary mani- 
festation of left-right asymmetry in this species. 
Mirror-image development can, however, be in- 
duced by mechanical manipulation so that the re- 
levant cell divisions twist in the opposite direc- 
tion. 

The direction in which the shell of the Europe- 
an pond snail, Lymnaea peregra, coils is under ge- 
netic control, and is the result of the maternal 
genotype. Mothers with genotypes DD or Dd pro- 
duce offspring all of which have a right-handed 
shell, while mothers with a dd genotype produce 
offspring all of which have a left-handed shell. 
The genotype of the zygote does not affect the 
phenotype of the snail into which it develops. It 
is perhaps not surprising that the chirality of 
shell development should rely on maternally ex- 
pressed genes, since early snail development in- 
volves spiral cleavage, and handedness is first ap- 
parent as early as the second cell division. The 
site of action of the product of this gene has been 
shown to be within zygote. Cytoplasm from zy- 
gotes from DD or Dd mothers, injected into eggs 
produced by dd mothers, results in the develop- 
ment of right-handed, instead of left-handed, 
snails, while cytoplasm from the zygotes from dd 
mothers, injected into the zygotes from DD or Dd 
mothers has no effect. Thus the functional gene 
product must convert a default left-handed, into 
right-handed chirality. 

32.3.4 

External Inputs Often Generate Polarity^ 

Inputs external to the biological system, environ- 
mental or biotic, are often required to generate 
biological polarity. 

In many animal species, fertilization induces 
major cytoplasmic reorganization which appears 
to have a role in establishing the second embryo- 
nic axis. This cytoplasmic reorganization is most 
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obvious in certain ascidian species in the Uro- 
chordata, a subphylum of the Chordata. Eggs of 
the ascidian species, Styela and Bolteniay have cy- 
toplasmic regions of different colours which un- 
dergo rapid, large-scale movements within the zy- 
gote. Before fertilization, these eggs appear to be 
radially symmetrical about the animal-vegetal 
axis, equivalent to the ventral to dorsal axis of the 
embryo. Fertilization establishes the second axis, 
the anterioposterior axis. There is no evidence 
that the point of sperm entry is already deter- 
mined in the unfertilized egg. The organization of 
the zygotic cytoplasm is very important because 
the planes of cell division are highly organized 
with respect to the embryonic axes and segrega- 
tion of cytoplasmic determinants during cleavage 
is fundamental to specification of blastomere fate 
in ascidian development. 

The point of sperm entry can also establish the 
second embryonic axis in vertebrates. Prior to fer- 
tilization, amphibian eggs are radially symmetri- 
cal about the animal-vegetal axis. Fusion with a 
sperm cell destroys this symmetry to generate bi- 
lateral symmetry. As with ascidians, there is no 
evidence from studies on Amphibia, that the 
point of sperm entry is predetermined. After fu- 
sion, the cytoplasmic cortex of the egg moves rel- 
ative to the inner cytoplasm, towards the point of 
sperm entry. In eggs of Rana species, for which 
the cortex is pigmented, this cytoplasmic reorga- 
nization forms the grey crescent on the surface 
opposite to that of sperm entry and it is this sur- 
face at which gastrulation initiates and which will 
form the dorsal side of the embryo. 

In nematodes, fertilization appears to establish 
the first embryonic axis. The position of the male 
pronucleus determines the posterior pole of the 
embryo. After fertilization, the egg shell is formed 
rapidly and is responsible for the ovoid shape of 
the egg. Introduction of the sperm pronucleus 
into the oocyte cytoplasm initiates cytoplasmic 
rearrangements that move the male pronucleus to 
the nearer pole of the ovoid-shaped egg and that 
pole will become the posterior of the embryo. It 
has been proposed that centrosomes of the male 
pronucleus nucleate microtubule formation. The 
oriented microtubules direct cytoplasmic flow to- 
wards the male pronucleus, causing cortical cyto- 
plasm to collect at the future anterior pole and 



inner cytoplasm to collect, with the male pronu- 
cleus, at the future posterior pole. Microtubules 
nucleated by the sperm centriole are also thought 
to be responsible for the cytoplasmic reorganiza- 
tion of amphibian eggs. 

In the yeast Saccharomyces cerevisiae (see 
Chap. 4), the site of polarized outgrowth of the 
mating projection is identified by an extrinsic 
cue, a pheromone gradient. This results in the cy- 
toskeleton (actin and septins) and secretory appa- 
ratus being directed to the target site by a series 
of molecular switches comprised of ras-related 
GTPases. This, in turn, results in local expansion 
of the plasma membrane and cell wall, forming 
the mating projection, which extends towards the 
nearest partner of the opposite mating type. The 
production of the mating projection is related to 
the production of new buds but the inputs are 
different, bud formation being cued by the posi- 
tion of the previous bud (see Sect. 32.4). 

In the plant kingdom, the establishment of a 
polar axis during germination of zygotes of the 
brown seaweeds, Fucus disticus and Pelvetia spe- 
cies, has been studied extensively. A morphologi- 
cal axis of asymmetry is established during polar 
outgrowth of the zygote to form a filamentous 
rhizoid, which anchors the zygote to the substra- 
tum. The polar zygote then divides to give rise to 
two cells; the rhizoid, which develops into the 
holdfast organ of the mature plant, and the thal- 
lus, which forms the mature frond and stipe. 
Sperm entry is believed to cue the axis of polarity 
with the rhizoid outgrowth occurring, in the ab- 
sence of other directional inputs, at the site of 
sperm entry. The axis of asymmetry set up by the 
site of sperm entry can, however, be revised if zy- 
gotes are subject to other gradients, e.g., unidirec- 
tional light, whereupon rhizoid development now 
occurs on the shaded side of the zygote (the 
events involved in the establishment of the polar 
axis are described in detail in Section 32.5 be- 
low). 

Protoplasts can be isolated from a number of 
moss species and these also regenerate by polar 
outgrowth to form a cell filament (see Fig. 6). In 
protoplasts of Physcomitrella patens, polar out- 
growth occurs only in light, and the orientation 
of the regeneration axis is related to light direc- 
tion. In Ceratodon purpureas, however, polar out- 
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Fig. 6. Regenerating moss protoplast. Regenerating proto- 
plast of the moss Physcomitrella patens (diameter about 
30 pm). Isolated protoplasts of both Ceratodon and Physco- 
mitrella regenerated by polar outgrowth to form protone- 
mal filaments directly 



growth occurs in darkness, but in the absence of 
light, other polar environmental inputs remain. 
Gravity does not appear to play a strong role in 
determining the polar axis, but the physical envi- 
ronment used to regenerate protoplasts is likely to 
involve chemical gradients, which may have a 
role. It cannot therefore be argued that proto- 
plasts of Ceratodon generate a polar axis without 
an external input, but the possibility remains that 
the establishment of the polar axis can be sto- 
chastic. Nevertheless, the polar regeneration axis 
is established more rapidly in light and is orien- 
ted by light direction. 

Studies of protoplast regeneration in Ceratodon 
have shown that light determines the orientation 
of the regeneration axis in two stages. Experi- 
ments using different wavelengths of light suggest 
that the establishment of the regeneration axis in- 
volves two separate processes, axis alignment and 
axis polarization. When populations of proto- 
plasts are regenerated in blue light, regeneration 
axes tend to be polarized towards the light 
source, but alignment is poor, whereas in red 
light, axis alignment is much less variable, but 
about a third of protoplasts polarize outgrowth 
away from the light source, rather than towards it 
{see Fig, 7). Cell division is not synchronized in 
the Ceratodon tissue from which protoplasts are 




Fig, 7, Orientation of the protoplast regeneration axis in 
red and blue light. Circular histograms of the distributions 
of the orientation of regeneration axes of populations of 
protoplasts of Ceratodon purpureas regenerated in mono- 
chromatic red or blue light. In red light, the axis are well 
aligned, ah being nearly parallel to the light direction. Po- 
larity is poor, however, with about one third of protoplasts 
showing polar outgrowth away from the light direction. In 
blue light, most regeneration axes are polarized towards the 
light source but axis alignment is poor 



routinely isolated, and isolated protoplasts do not 
regenerate synchronously. Under standard culture 
conditions, the first protoplasts become visibly 
asymmetrical about 15 h after isolation and most 
protoplasts have become asymmetrical by 48 h. 
However, no differences in the distribution of axis 
orientations are observed between cohorts of pro- 
toplasts regenerating early or late. This provides 
an opportunity to study the effect of reorienting 
populations of protoplasts with respect to the di- 
rection of light. Such experiments establish that 
axis alignment is determined before axis polarity, 
a situation similar to that proposed for the left- 
right axis in mammals (see Sect. 32.3.3). The axis 
is aligned to unidirectional light without at first 
being polarized, thus at this stage, polar out- 
growth may occur either towards or away from 
the direction of the light source. The polarity of 
eventual outgrowth is fixed along the already 
aligned axis at a later stage. Thus the first effect 
of reorientation is on axis polarity, since it is 
fixed later, while a change in axis alignment oc- 
curs later after reorientation. Reorientation ex- 
periments allow the kinetics of axis development 
to be studied in detail. In monochromatic red 
light at 25 axis alignment is fixed 9 h and axis 



518 D-J- Cove et al. 



polarity is fixed about 5 h, before polar outgrowth 
can be observed. Experiments using reorientation 
and different wavelengths of light suggest that 
two, at least partially, independent gradients are 
involved in determining axis alignment and axis 
polarity, but little about their nature has yet been 
established, nor have the physical events responsi- 
ble for axis fixation been investigated. 

There is evidence, however, that the perception 
of light direction for both axis alignment and axis 
polarity involves the plant photoreceptor, phyto- 
chrome. Phytochrome exists in two forms, Pr and 
PpR- Prj which is thought to be inactive, is most 
readily converted to PpR by red light, although 
other wavelengths of light are also active. PpR is 
converted back to Pr by irradiation with far red 
light. A far red light treatment given to regenerat- 
ing protoplasts immediately before reorientation 
erases the memory of the prereorientation light 
direction and results in protoplasts responding 
more rapidly to the new light direction. Thus it 
seems that not only does the perception of light 
direction involve phytochrome, but the regenera- 
tion program is intelligent in as much as proto- 
plasts deprived of directional information, react 
more quickly to new directional information. 

Although the development of flower structure 
has been studied extensively (see Chap. 11), these 
studies have concentrated for the most part on 
programming of the identity of the whorls of flor- 
al structures, rather than on the overall shape of 
the flower. However, the genetic programming of 
asymmetry in zygomorphic flowers, i.e., flowers 
that show bilateral symmetry, such as those of the 
snapdragon. Antirrhinum majus, has been stud- 
ied. The axis of bilateral symmetry in snapdragon 
flowers bisects the main floral stem axis, and it is 
plausible to propose that the main stem in some 
way cues the axis that generates zygomorphy. 
Consistent with this is the finding that mutants of 
a number of zygomorphic species, including the 
snapdragon, produce additional flowers at the ter- 
minus of the floral spike which are radially sym- 
metrical rather than zygomorphic. It is also possi- 
ble to obtain mutants in which axial flowers are 
radially symmetrical. This phenotype has been 
known for many years, and is known as peloric, 
the term having first been coined by Linnaeus. 
The genetic basis of the peloric phenotype is now 



becoming clear. To achieve near-perfect radial 
symmetry in Antirrhinum^ mutations in two 
genes, cycloidea {eye) and dichotoma {dick), are 
necessary. Mutation of the eye gene alone gives a 
semipeloric phenotype, while dich mutants have 
altered dorsal petals. The two genes therefore ap- 
pear to have functions that at least to some extent 
substitute for one another. The eye gene has been 
cloned and sequenced. Apart from a possible nu- 
clear localization sequence, no strong homologies 
to genes of known function have been detected. 
The eye gene is expressed in the dorsal regions of 
floral meristems, suggesting that its product is 
more likely to be concerned with interpreting the 
zygomorphy- inducing axis rather than being in- 
volved in the establishment of the axis itself. 

32.4 

The Perpetuation of Polarity^ 

The polar development of the bacterium, Caulo- 
bacter crescentus (see Chap. 2) does not require 
external inputs, but it can be argued that it is 
neither dependent on self-assembly nor is it sto- 
chastic. Instead, polarity is never lost, being 
maintained from cell generation to cell genera- 
tion. Thus polarity cannot be said to be gener- 
ated; instead it is perpetuated. Rather than being 
inherited by a classical DNA-based mechanism, 
polarity is passed on from generation to genera- 
tion in the same way as language is passed from 
parents to their offspring. 

The position at which a new bud forms in the 
budding yeast, Saccharomyces cerevisiae (see 
Chap. 4), is dependent on the position of the pre- 
vious bud site, and so once again no new polar 
information needs to be generated. As with the 
formation of the mating projection (see Sect. 
32.3.4), bud formation involves local expansion of 
the plasma membrane and cell wall. It has re- 
cently been shown that the glucan synthase (GS) 
enzyme complex, which is responsible for much 
of the cell wall synthesis at the bud site, is acti- 
vated by Rholp, the membrane-bound GTPase 
that is the product of the rhol gene, when it is 
bound to GTR The GS complex, Rholp and actin 
colocalize at the tip of growing buds. Apparently, 
when Rholp exchanges GDP for GTP, it binds to 
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the inactive GS complex, activating GS and allow- 
ing synthesis and extrusion of the glucan into the 
region of cell wall expansion. GTP-bound Rholp 
also acts via Pkclp (a protein kinase C) to signal 
for bud site organization and remodelling, possi- 
bly through interaction with localized cytoskeletal 
components. How the secretory pathway and GS 
complex are targeted towards and anchored at the 
bud/growth site is not known, but it could be via 
cytoplasmic actin cables and myosins oriented 
along the growth axis. 

The polarity of the patterning of the cortex in the 
protist, Parameceum aurelia^ is also similarly main- 
tained. Perturbations in patterning are inherited by 
a mechanism that does not involve DNA. The same 
holds in some cases for the generation of embryo- 
nic axes where signals generated by the mother 
generate polarity. Here, once again, it can be ar- 
gued that biological polarity is being perpetuated 
rather than generated. Examples of how the genera- 
tion of polarity is dependent on maternal polarity 
have been dealt with in detail in earlier chapters. 
In Drosophila melanogaster (see Chap. 19), the em- 
bryonic axes are specified during oogenesis and 
fertilization makes no contribution to axis specifi- 
cation. The position of the oocyte nucleus has a 
key role not only in dorsoventral axis specification 
(see Sect. 32.3.2) but also in the establishment of 
the anterioposterior axis. During oogenesis, the oo- 
cyte nucleus moves to a distal position with respect 
to the egg chamber and the primary input to this 
axis must be maternal anatomy. It is, therefore, 
the preexisting asymmetry within the mother that 
is required to programme the first polar axis in 
the oocyte. Through intercellular signals the oo- 
cyte nucleus communicates with adjacent follicle 
cells to initiate the terminal system, one of the 
three systems specifying the anterioposterior axis 
of the embryo. The other two systems, the anterior 
and the posterior system, depend on microtubules 
oriented in the oocyte by the oocyte nucleus or 
the egg chamber structure. Clearly, microtubule ar- 
rays polarized by germ cell nuclei have a crucial 
role in axis specification in many, if not all, animal 
species. 



32.5 

The Modification of Polarity^ 

Because fungi and plants are not able to move, 
their development must be more plastic than that 
of animals. To achieve this plasticity, it is often 
necessary to modify existing polarity. 

As described in Section 32.3.4, Fucus zygote ger- 
mination involves the development of a polar axis 
which is aligned by sperm entry. The alignment 
of the axis can however be modified if zygotes are 
cultured in unidirectional light (see Fig. 8). By re- 
orienting zygotes with respect to the light direc- 
tion, it is possible to establish the kinetics of the 
development of the polar axis. It can be shown 
that, under standardized conditions, the orienta- 
tion of the polar axis becomes fixed about 12 h 
after fertilization. After this time, a new light direc- 
tion does not elicit a change in axis orientation, 
even though the zygote does not become visibly 
asymmetric until 16 h after fertilization. Reorienta- 
tion experiments establish that the actin cytoskele- 
ton, Golgi-mediated secretion and the cell wall are 
all necessary for the fixation of the polar axis. 
Changes in cortical asymmetry which correlate 
with the alignment of the polar axis, occur before 
the axis becomes fixed. An actin-dependent trans- 
location of existing plasma membrane molecules 
to the side of the zygote from which outgrowth will 
occur is observed. These molecules include dihy- 
dropyridine (DHP) receptors, which are detected 
by their ability to bind fluorescent DHR Fluores- 
cent-DHP binds to calcium channels in mamma- 
lian cells and Fucus DHP receptors may therefore 
be calcium channels. The localized cortical do- 
main identified by the accumulation of DHP recep- 
tors, F-actin and free calcium forms a target site for 
Golgi vesicle (F granule) secretion. Localized secre- 
tion of F granules is essential to stabilize the polar 
axis, and to complete a structural complex which is 
thought to span the plasma membrane at the site of 
polar outgrowth, connecting the actin cytoskeleton 
to the cell wall. Furthermore, targeted secretion of 
the contents of F granules into the plasma mem- 
brane and/or cell wall appears to provide localized 
positional information required to orient the first 
cell division plane and to differentiate the rhizoid 
and thallus cells of the two-celled embryo. There 
is evidence that, as in moss protoplasts, the axis 
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Fig, 8, Establishment of a polar and oriented di- 
vision during zygote germination in brown algae. 

i Acting-dependent transport, locates ion chan- 
nels/dihydropyridine (DHP) receptors to the re- 
gion of the zygote in which the sperm entered. 

ii Unilateral light can redirect the channels to the 
shaded side of the zygote. Hi Ca^"^ levels are 
raised locally as a result of the concentration of 
ion channels, iv Secretory vesicles colocate with 
Ca^"^, leading to localizea secretion and the fixa- 
tion of the polar axis, v Polar outgrowth occurs. 
The fixed asymmetry of the plasma membrane 
and cell wall at the emerging rhizoid tip, con- 
tinues to direct ac tin -mediated transport of 
secretory vesicles to the cell wall at the rhizoid 
tip. Signals are also transmitted to the spindle to 
orient the first cell division parallel to the axis of 
asymmetry vi The orientation of the spindles for 
the next cell divisions are at rightangles to one 
another. How this change in polarity is achieved 
is not yet understood (but ch early development 
of Caenorhabditis) 



of asymmetry in Fucus zygotes is established in two 
stages, with alignment being established indepen- 
dently of polarity. Work on Fucus zygotes strongly 
suggests diat an early event in the development of 
asymmetry at the level of a single cell is likely to 
be the creation of asymmetries in the plasma mem- 
brane and cell wall by the direction of vesicle 
movement and secretion, Fucus zygote germina- 
tion may therefore provide a useful paradigm for 
the study of cell morphogenesis and pattern forma- 
tion in higher plant embryos and vegetative tissues. 
Tropic responses, i.e.^ growth responses to chang- 
ed environmental inputs, are one of the more ob- 
vious examples of polarity modification in fungi 
and plants. The unicellular sporangiophore of the 
funguSj Phycomyces blakesleeanus^ responds to 
gravity and directional light stimuli and also shows 
an avoidance reaction of nearby objects. These in- 
puts result in changes in the direction of extension 
of the sporangiophore, Phototropism, a growth re- 
sponse to light dhectionj is elicited by UV and blue 
light. Mutations in nine separate mad genes cause 
changes to the phototropic response. None is to- 



tally defective in phototropism, but rather has con- 
siderably reduced sensitivity, requiring greatly ele- 
vated light intensities to elicit the same response as 
the wUd type. Mutants affected in the mad A, B, C 
and I genes retain the ability to respond to gravity 
and are able to show an avoidance response. These 
mutants show approximately equal reduction in 
their sensitivity to far-UV, near-UV and blue light. 
Mutants in the mad A E> F, G and / genes are not 
only phototropically abnormal but are also unable 
to respond to gravity nor do they show an avoid- 
ance response. These mutants have greatly reduced 
sensitivity to near-UV and blue light but retain near- 
wild-type sensitivity to far-UV As a result of these 
findings it is proposed that there are two photore- 
ceptor systems, one sensitive to far-UV and the 
other to near-UV and blue light. The latter system 
is required even in darkness to elicit the response 
to gravity or the avoidance reaction, and is seen 
therefore as having a role in signal integration. Mu- 
tants of the mad A, C and I groups are most likely 
involved in the transduction of the directional light 
signal from either photoreceptor system. 
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Evidence has recently been obtained that thig- 
motropism, the tropic response to physical con- 
tact, in the fungus, Candida albicans^ may be 
mediated by stretch- activated calcium channels. 
The extending tip of the filamentous phase of this 
species can detect and grow into indentations, a 
phenomenon that may be connected with its patho- 
genic invasion of damaged tissue. This thigmotro- 
pic response is attenuated by treatments that block 
stretch-activated calcium channels, suggesting that 
a change in the polarity of growth comes about by 
the opening of such channels in the region of the 
extending tip that first detects an indentation. This 
would lead to a localized rise in the concentration 
of calcium ions in that region which, in turn, 
would lead to localized growth, resulting in 
growth down into the indentation. 

Polar responses to light and gravity have been 
studied extensively in two moss species, Physco- 
mitrella patens and Ceratodon purpureas. Each 
species has its particular technical merits, but 
where similar studies have been made in both, es- 
sentially similar results have been obtained. The 
apical cells of protonemal filaments of both spe- 
cies show tropic responses to both gravity and 
light. In both species, the apical cells extend away 
from the gravity vector, but this negatively gravi- 
tropic response is only shown in darkness. In low 
light levels, apical cell extension is positively 
phototropic, but in higher light levels, apical cells 
grow at right angles to the light direction. The ac- 
tin cytoskeleton has been implicated in the photo- 
tropic response of protonemal apical cells of Cera- 
todoUy whereas their gravitropic response requires 
the microtubule cytoskeleton. Mutants that are ab- 
normal in either phototropism (ptr) or gravitro- 
pism (gtr) have been isolated in both species but 
no mutant which is pleiotropically affected in 
both tropic responses has yet been isolated. As 
well as responding to unidirectional light, apical 
cells also show polarotropism, orienting growth 
in plane polarized light, ptr mutants are also im- 
paired in polarotropism, showing that the two re- 
sponses are linked. Polarotropism is interpreted 
as resulting from photoreceptors being held in the 
cell in a fixed array, possibly at or near the plas- 
ma membrane. This arrangement of photorecep- 
tors is thought to be essential for the perception 
of light direction within a single cell. 



Ceratodon ptr mutants fall into two classes. 
One class is affected only in the phototropic re- 
sponse, but the second class shows other abnor- 
malities including diminished chlorophyll synthe- 
sis. The phototropic response of mutants of the 
second class can be restored by culture in the 
presence of biliverdin, a precursor of the chromo- 
phore of phytochrome. It thus appears that the 
second class of ptr mutant is impaired in the syn- 
thesis of functional phytochrome, and that this 
must be the photoreceptor that is required to per- 
ceive light direction. Mutants of the first class 
must be impaired in the transduction pathway 
that interprets the phytochrome signal and elicits 
a change in the polarity of the growth axis of the 
apical cell. Culture in the presence of biliverdin 
does not restore the phototropic response of any 
of the Physcomitrella ptr mutants that have been 
isolated so far. All Physcomitrella ptr mutants 
therefore appear to be impaired in signal trans- 
duction. As well as having caulonemal apical cells 
which lack a phototropic response, Physcomitrella 
phototropic mutants also produce leafy shoots 
that do not show a phototropic response, showing 
that there must be gene products required not 
only for the response within a single cell but also 
for the response of a multicellular structure. How- 
ever, Physcomitrella gtr mutants having apical 
cells that do not show gravitropism produce leafy 
shoots that retain the wild-type negatively gravi- 
tropic response of these structures. There is, 
therefore, no evidence so far that the single-cell 
gravitropic response shares components with the 
response of the multicellular leafy shoots. 

A further aspect of the phenotype of those 
Ceratodon ptr mutants that are impaired in phyto- 
chrome production is that their protonemal apical 
cells continue to respond to gravity in the light, 
whereas ptr mutants, that are likely to be blocked 
in signal transduction, do not. Phytochrome 
therefore appears to be involved in the active 
suppression of the gravitropic response in the 
light. Physcomitrella ptr mutants, all of which 
appear to be unimpaired in phtytochrome pro- 
duction, show no response to gravity in the light 
of either their protonemal apical cells or their 
leafy shoots, indicating that both the single-cell 
and multicellular gravitropic responses are turned 
off by light. 
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The gravitropic response of protonemal apical 
cells of Ceratodon has been seen to be correlated 
with the gravity-induced movement of plastids 
within a zone of the apical cell, and it is proposed 
that these plastids are the primary detectors of 
the gravity vector, generating a gradient within 
the cell, possibly by their interaction with the 
cell’s membrane system. 

The tropic responses of the roots and stems of 
higher plants have been investigated for many 
years, but details of the mechanisms responsible 
for the perception of these signals and the way in 
which signal perception is transduced to bring 
about a growth response remain unclear. The 
mechanisms involve the perception of the stimu- 
lus by cells in the apical region of the stem or 
root, and response in cells behind the apex, with 
bending being achieved by differential changes in 
cell volume on the two sides of the stem or root. 
It is probable that the phototropic response of 
such multicellular systems is elicited as a result of 
there being a light gradient across the apex of the 
stem or root, allowing cells on the lit side to set 
different levels of gene expression from those on 
the shaded side, which, in turn, establishes a gra- 
dient which results in the differential response of 
subapical tissue. 

It is more difficult to see how gravitropic re- 
sponses can be elicited in such multicellular struc- 
tures as there will be no gravity gradient across 
the apex. Gravity is thought to be detected by 
specialized cells, statocytes, that contain statoliths, 
which in higher plants are specialized starch- 
filled plastids. Statoliths can be seen to redistri- 
bute when plants are reoriented with respect to 
gravity. It is not difficult to envisage how this re- 
distribution might lead to a change in polarity at 
the level of the single cell, but it is more difficult 
to see how this can be transduced to bring about 
the gravitropic response of the stem or root. It 
could be that the position of statocytes within the 
apex is crucial. In the root, statocytes are located 
towards the centre of the root near to its tip. 
When a root is reoriented so that it is horizontal, 
the statoliths in statocytes on the lower side of 
the root apex will sediment and have the potential 
to interact with membranes towards the side of 
the cell which is nearer to the outside of the root 
apex, whereas in statocytes on the upper side of 



the root, the statoliths will come to rest adjacent 
to membranes on the side of the cell nearer the 
centre of the root. These differential interactions 
may provide the basis for the interpretation of 
the gravitational stimulus. 

There are a number of examples where muta- 
tion reverses polarity along an aligned axis, but 
does not affect the alignment of the axis itself, 
nor polar development along that axis. One exam- 
ple in the mouse, has already been described (see 
Sect. 32.3.3). The inv mutation leads to the com- 
plete reversal of the polar organisation of thoracic 
organs along the left-right axis. In inv mutants, a 
left-right axis is still reliably specified. The gene 
must encode a protein that acts at a subsequent 
step to reverse the developmental interpretation of 
that axis. Another example comes from mosses, 
where there are mutants that reverse the polarity 
of the gravitropic response of protonemal apical 
cells. gtrC mutants of Physcomitrella and wwr 
(wrong way response) mutants of Ceratodon both 
respond to gravity positively, and detailed studies 
of wwr mutants show that their gravitropic re- 
sponse is a mirror image of that of the wild type. 
The mutants are not impaired in alignment of 
their growth axis with respect to the gravity 
vector, but have reversed the polarity of their 
response. It appears that the default response to 
gravity must be positive, but that the gtrC or wwr 
gene products reverse this polarity. A similar situ- 
ation holds for the chirality of the shell in Limnea 
peregra (see Sect. 32.3.3), where left-handedness 
is converted to right-handedness by the product 
of the dominant D allele. It is intriguing to ask 
why, apparently, reversal of polarity has been spe- 
cifically selected during evolution. It may be that 
an ancestral polar response has become modified 
to achieve the opposite polarity in response to a 
new stimulus. For example, the negative gravi- 
tropic response of moss protonemal cells may 
have evolved by the modification of a positive 
gravitropic response of a water-seeking cell. It is, 
however, difficult to think of such an evolutionary 
just-so-story to explain snail shell coiling or left- 
right asymmetry in mammalian development. 
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32.6 
Outlook 

To understand the programming of polarity in de- 
velopment, it is essential to understand the pro- 
cesses by which an individual cell becomes polar. 
Since differential gene expression is unable to 
generate polarity within a single cell, the genera- 
tion of polarity must rely on processes that are 
posttranscriptional. The study of gene control is 
not, therefore, likely to advance our understand- 
ing of polarity at the level of the individual cell, 
and attention must be turned instead to the study 
of gene function, using mutation and targeted 
gene knockout techniques, in combination with 
the state-of-the-art techniques of cell biology. 
However, the transduction of polar signals in 
multicellular systems undoubtedly involves cas- 
cades of controlled gene expression and while the 
mechanisms involved in these are coming to be 
understood, how the final outputs are achieved is 
still largely unknown. Why do legs develop as 
legs and antennae as antennae; sepals as sepals 
and petals as petals? Answering such questions 
provides the next challenge facing developmental 
biologists. 

32.7 

Summary 

The programming of polarity is central to devel- 
opment. Organisms, organs, cells and multimole- 
cular arrays all show ordered and persistent asym- 
metries. The establishment of the polar axes that 
are involved is achieved in some systems de novo, 
either by self-assembly or by external asymmetri- 
cal inputs such as gravity or sperm entry. In 
other systems, polarity is not generated de novo, 
but is perpetuated from generation to generation. 
How polar inputs, either intrinsic or extrinsic, are 
transduced to bring about polarity at the level of 
the cell and multicellular organism remains large- 
ly unknown, but in most systems investigated so 
far, the cytoskeleton and particularly the actin cy- 
toskeleton, have been shown to play a central and 
early role. 
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Adrenal dysplasia (human): Abnormal develop- 
ment of the adrenal gland. 

Alae (C. elegans): Cuticular ridges found in the 
adult and in some larval stages of C. elegans that 
are produced by the lateral epidermal cells. 

Albright hereditary osteodystrophy (human): An 
inherited hyperparathyroidism with abnormal cal- 
cification, ossification and skeletal defects. 

Alzheimer’s disease: Neurodegenerative disorder 
that affects 4-5% of the human population over 
60 years of age and 20% over 80 years of age. The 
cause of the disease is unknown but in a few 
hereditary cases mutations in the amyloid (q.v.) 
precursor protein and presenilin 1 and 2 genes 
have been described. The disease is characterized 
by the presence of extracellular amyloid plaques, 
particularly rich in the hippocampus, and by a 
diffuse cell loss in many structures. Clinically, the 
patients suffer a progressive and severe dementia. 

Amyloid (human): Aggregates of homogeneous 
protein molecules; deposits of amyloids in extra- 
cellular space is associated with a number of dis- 
eases. 

Angelman syndrome: An imprinted disorder in 
humans caused by lack of expression of genes 
normally transcribed from the maternally inher- 
ited chromosome 15. Characteristics include men- 
tal retardation, ataxia, paroxysms of laughter, sei- 
zures, characteristic facial expressions and mini- 
mal speech. 

Anterior system (anterior group genes): Maternal 
genes (q.v.) expressed differentially in egg do- 
mains and thus controlled by the genotype of the 



mother. They are required for determining the 
anterior segments of the Drosophila embryo. 
These genes establish the “anterior signal”, e.g. 
the bicoid gradient. 

Anticlinal division: Cell division in which the cell 
plate (q.v.) forms at right angles to the outer sur- 
face of a cylindrical plant organ. With respect to 
a ring of cells around the organ, these divisions 
increase the number of cells in the ring. 

Ascospore: The sexual spore of certain fungal spe- 
cies produced within a sac (called ascus). 

Ataxia (human): Inability to coordinate muscle 
activity during voluntary movement - may in- 
volve head, limbs or trunk. 

Axillary meristem (plants): A meristem (q.v.) po- 
sitioned laterally to the main stem between a leaf 
stalk and the stem itself (technically: positioned 
in the axil of a leaf). 

Bacteroid: The endo symbiotic cell form of the 
bacterium Rhizobium which is specialized for ni- 
trogen fixation and intracellular living. 

Basal (endosperm) transfer cell (plants): Cell 
adapted for promoting solute uptake from chala- 
zal pole (q.v.) into the endosperm. 

Beckwith- Wiedemann Syndrome (human): An 
overgrowth disorder in humans mapped to chro- 
mosome Up correlated with imprinted genes 
(q.v.). Characteristics include exomphalos (q.v.), 
enlarged tongue and hyperplasia (q.v.) of many 
organs, often with neonatal hypoglycemia and an 
increased incidence of childhood tumors. 
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bHLH: Basic region/helix-loop -helix, class of DNA- 
binding motif. 

Blastoderm: A structure comprised of a single 
cell layer and which will generate the embryo 
proper. 

bmall: Murine bmall gene, encodes a PAS (q.v.) 
helix-loop -helix transcription factor. 

Bristles: A cuticular structure in insects, formed 
by two cells, one bristle-secreting and the other 
socket-secreting. Can be innervated (bristle sen- 
sillum) or non-innervated. 

bZIP: Basic region/leucine zipper, class of DNA- 
binding motif. 

Cadherin: A “superfamily” of cell surface proteins 
characterized by conserved, tandemly repeated 
extracellular “cadherin domains”. Cadherins are 
generally found in epithelial cells and function as 
external cell-adhesion molecules coupled to inter- 
nal cytoskeletal components. Subfamilies include 
the classical cadherins, linked to the actin cyto- 
skeleton; desmosome components anchored to cy- 
tokeratins; and a group of large cadherins with 
additional epidermal growth factor-like and lami- 
nin-like external domains. 

Carcinoma: A tumor in an epithelial cell lineage. 

CArG-box: Consensus binding site (CC A-rich 
GG) of MADS-box transcription factors. 

CdclO/Ankyrin repeats: Protein motifs associated 
with the cytoskeleton, present in a number of 
proteins, among them Notch (Drosophila), 

Cell plate: In plants, the position of incipient cell 
division. At the same position, the phragmoplast 
(q.v.) will be formed. The paired chromosomes 
align at the cell plate prior to separation to the 
spindle poles during cell division. 

Chalazal pole: One pole of the flowering plant 
ovule. This pole is at the opposite end of the 
ovule to the micropylar pole (q.v.). 



Circadian time: Time measured under constant 
conditions (e.g. constant darkness), as manifested 
by animal behavior. CT = 0 corresponds to the 
time at which, under entrained conditions, the 
light was turned on. This time can be estimated 
by correlating locomotor activity (or another cir- 
cadian output) under constant conditions to that 
under entrained conditions. 

clock: Murine clock gene, encoding a PAS (q.v.) 
helix-loop-helix transcription factor. 

Coenocyte: A multinucleate cell or organism in 
which multiple nuclei reside within a single com- 
partment. 

Compartments (Drosophila): Subsegmental pri- 
mordia (q.v.) which are represented by groups of 
cells in the Drosophila embryo during and shortly 
after the blastoderm stage and which are already 
precisely fated to generate an organ or a fraction 
of it. Cells of different compartments may differ 
because of the differential expression of a given 
regulatory gene. For example, only the posterior 
compartment in each segment expresses the en- 
grailed gene. During subsequent larval and pupal 
development, cells remain confined to their origi- 
nal compartment until they start dividing, gener- 
ating cell lineages all expressing the same regula- 
tory gene. Because this gene activity defines cell 
identity, the border of the compartment coincides 
with an organ or a sub organ boundary (in the ex- 
ample above, within each segment the boundary 
between the posterior and anterior compartments 
is also a clonal boundary). 

Conceptus (vertebrates): The embryo and extra- 
embryonic membranes; the products of concep- 
tion. 

Conidium: An asexual non-motile fungal spore. 

Crozier (fungi): A crook-shaped structure occur- 
ring at the tip of an ascus (see ascospore) produc- 
ing a hypha, which contains two nuclei, each 
from a different parental strain. 

Cultivar (abbreviation cv.): A group of plants culti- 
vated in one part of the world having a set of char- 
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acteristics distinguishing them from other groups 
of the same species, e.g. pea cv. Afghanistan. 

dbmalll eye: Drosophila bmall or cycle gene. 

dht: Drosophila doubletime gene, encoding a pro- 
tein kinase homologous to the human casein ki- 
nase le which phosphorylates the PER protein 
(q.v.). 

dclock or elk: Drosophila clock gene. 

Defensin: Family of antimicrobial proteins wide- 
spread in eukaryotes, defined by a sequence motif 
including four conserved Cys bridges. 

Delamination (vertebrates): The splitting of one 
cellular layer into two more or less parallel cell 
sheets. 

Dermatome: In vertebrate development, the dorsal 
layer of the dermamyotome (q.v.), which gener- 
ates the connective tissue of the skin. 

Dermamyotome: In vertebrate development, the 
epithelial cells remaining in a somite (q.v.), after 
the cells of the sclerotome (q.v.) have migrated 
away. 

Determinacy: In plant development, a type of 
gene activity leading to the differentiation of all 
meristematic (q.v.) cells and hence precluding 
further organ development. If, for example, the 
shoot meristem is all used at a given time to pro- 
duce a flower, no further leaves will be formed 
and the plant will be defined as having a determi- 
nate type of development. 

Determinant: A biological macromolecule (e.g. 
protein, RNA, etc.) or organelle that directly influ- 
ences cell fate specification as a result of its lim- 
ited activity or asymmetric partitioning during 
cell division. 

DLS domain: The amino terminal region of the 
Delta protein (Drosophila). Present in the ligands 
of the Notch receptor Delta, Serrate and the C. 
elegans protein lag-2 (ligand of the Notch homo- 
logue lin-\2). 



Dorso-ventral system (dorso-ventral group genes): 
Maternal genes (q.v.) expressed differentially in egg 
domains and thus controlled by the genotype of the 
mother. They are required for determining the 
dorso-ventral axis of the Drosophila embryo. 
These genes establish the “ventral signal”, e.g. the 
dorsal protein gradient. 

Down syndrome: Human disease produced by the 
presence of an extra chromosome 21 (trisomy) 
and characterized by a below-average height, 
short and broad hands, cardiac malformations 
and mental retardation. 

Dynein: A complex of proteins which, when asso- 
ciated with microtubules, generates motive force 
by ATP hydrolysis. 

Ectodermal placode: In vertebrate development, 
epidermal thickenings from which the major sen- 
sory organs of the head develop, such as the eye, 
inner ear labyrinth, olfactory neurons and most 
neurons of cranial ganglia. 

Ectopic expression: Expression of a gene in cells 
where (or at a time) it is normally not expressed. 

EGF-like repeats: Cysteine-rich repeats with 

homology to a group of mammalian proteins 
including the epidermal growth factor (EGF). 

EGF receptor: Receptor of the epidermal growth 
factor. 

Endodermis (plants): A single-cell layer bounding 
the vascular cylinder of the root. Characteristi- 
cally, the radial walls have suberized (q.v.) 
strands, known as Casparian strips, which are im- 
permeable to water. 

Endoreduplication: Duplication of chromosomal 
DNA without accompanying nuclear or cell divi- 
sion. 

Endosperm: Nutritive tissue surrounding and 
nourishing the embryo in seed plants. 

Epaxial musculature (vertebrates): Muscles of the 
deep back, for example, paraspinal muscle. 
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Ephrin: A class of cell-surface ligands binding to 
the Ephrin class of membrane-bound receptor 
protein-tyrosine kinases. 

Ephrin receptor protein-tyrosine kinase: A sub- 
family of the membrane-localized receptor pro- 
tein-tyrosine kinase proteins (RPTKs), often asso- 
ciated with epithelial systems during morphogen- 
esis, and characterized by an extracellular domain 
with weak similarity to immunoglobulin domains, 
a cysteine-rich domain with conserved cysteine 
positions and fibronectin type III repeats, an in- 
tracellular domain with a conserved juxta-mem- 
brane motif and a tyrosine kinase catalytic do- 
main. 

Epibolic cell movement: Spreading movement of a 
group of epithelial cells as a sheet over an under- 
lying cell group or tissue of different type. 

Epiboly (in animal embryos): The migration of 
cells during late blastula and gastrula stages to- 
wards the vegetal pole. 

Epistasis: The masking of the phenotype asso- 
ciated with one mutation, by the phenotype 
caused by a mutation in a different gene. 

Epithelial somitic bud: In vertebrate development, 
ventral-lateral portion of the dermamyotome 
(q.v.) that gives rise to migratory cells that con- 
tribute to a variety of mesenchymal tissues in- 
cluding skeletal muscles. 

Exomphalos: (syn: omphalocele, umbilical her- 
nia). Protrusion of the umbilicus. 

Exon trapping: A method for identifying exons in 
genomic DNA by subcloning the genomic DNA 
into intron sequences of an expression vector, 
transfecting this DNA, and using reverse tran- 
scription and the polymerase chain reaction to 
isolate sequences that have been spliced into the 
vector’s message. 

Fate map (Drosophila): Fate maps describe the 
adult fate of the cells present in an unstructured 
embryo (e.g. blastoderm embryo) or organ (e.g. 
imaginal disk). Fate maps are constructed by 



marking particular groups of cells and observing 
in which organs the cells derived from them re- 
side at later stages of development. 

Fast-twitch fiber (vertebrates): Muscle fiber dis- 
playing characteristic mechanical and biochemical 
properties of fast or red muscle. 

Filopodia: Threadlike cellular extensions at the 
leading edges of migrating or elongating epithelial 
cells. 

Floral meristem: Meristem (q.v.) that differenti- 
ates into floral organs. 

Follicle cells: In Drosophila oogenesis, follicle cells 
are somatic cells which form an epithelium 
around the 16 germline cells (oocyte plus 15 
nurse cells). One such unit, i.e. 16 germline cells 
and surrounding follicle cells, constitutes a “fol- 
licle”. 

Gap gene: Zygotic gene (q.v.) required for the for- 
mation of a group of adjacent segments in the 
developing Drosophila embryo. 

GATA-binding transcription factors: A class of 
transcription-factor proteins with distinctive Zn- 
finger motifs, generally activating or repressing 
tissue-specific gene transcription, and binding to 
the sequence (A/T)GATA(A/G). 

Genetic mosaic analysis (C. elegans): A technique 
for determining particular cells or tissues in 
which a specific gene function is required, by 
creating genetically mosaic individuals mutant in 
some cells and wild type in others, and assaying 
where the loss of wild-type function produces an 
overall mutant phenotype. In C. elegans, such mo- 
saics can be produced by spontaneous embryonic 
somatic loss of an unattached chromosomal frag- 
ment (free duplication) carrying a wild-type copy 
of the gene of interest, and generally other cell- 
autonomous markers, in a mutant background; or 
by spontaneous somatic loss of a transgenic array 
(minichromosome-like structure) produced by 
DNA injection of a wild type gene into a mutant 
animal. 




Glossary 529 



Gli-family transcription factor: Zinc-finger DNA 
binding transcription factors similar to the verte- 
brate Gli-1, which was isolated by its heightened 
expression in glioblastomas. 

Glomerular filtration: Filtration of blood plasma 
by kidney tubules. 

Golgi tendon organ: A specialized structure found 
in the junction between skeletal muscle and ten- 
don. Golgi tendon organs are innervated by sen- 
sory neurons that, sensing changes in muscle ten- 
sion, transduce information regarding the posi- 
tion of the limbs in space. 

Gravitropism: Growth response elicited by grav- 
ity. 

Grey crescent: A region visible on the surface of 
eggs of frogs of Rana species, which is apparent 
following sperm entry, and which identifies the 
position at which gastrulation is initiated. 

Grinder: In C. elegans, a cuticular specialization 
in the posterior bulb of the pharynx which grinds 
up ingested bacteria as the pharynx pumps them 
into the intestine. 

GSK-3: Glycogen synthase kinase 3 (GSK-3) was 
originally discovered as one of the kinases that 
phosphorylates and modifies the activity of glyco- 
gen synthase, an enzyme of intermediary metabo- 
lism. GSK-3 is now also known to play a central 
role in cellular differentiation. 

Haltere: Also known as the balancer, this dumb- 
bell-shaped appendage is all that remains of the 
ancestral insect hind wing in flies. 

Heliobal endosperm (plants): Endosperm (q.v.) 
consisting of two distinct regions, one chalazal 
(q.v.), the other micropylar (q.v.). 

Hemidesmosome: In C. elegans, a localized junc- 
tion complex seen in differentiated hypo dermal 
cells. Hemidesmosomes connect the basement 
membrane overlying muscle to the inner layer of 
the cuticle. 



Heterothallism: The phenomenon in which the 
involvement of two different thalli (q.v.) (origi- 
nating from different individual strains) is re- 
quired for sexual reproduction in fungi. 

Holometabolous insect: An insect that passes 
through complete metamorphosis from a larva to 
a very different adult by forming a pupa. 

Homeotic gene: A gene which when mutated re- 
sults in the transformation of a structure (i.e. 
abdominal segment, antenna or petal) into a dif- 
ferent but homologous structure (i.e. thoracic 
segment, leg or sepal, respectively). 

Hox transcription factor: Protein characterized by 
a 60-amino acid DNA-binding motif, the homeo- 
box or homeodomain, which folds into three heli- 
cal domains, with helix no.3 recognizing specific 
sequences in the major groove of the DNA helix. 

Huntington’s disease: Autosomal dominant neuro- 
degenerative disease in humans, due to an expan- 
sion of a GAG trinucleotide repeat in the Hun- 
tington gene. The mutation results in a progres- 
sive degeneration of neurons affecting initially the 
striatum. The clinical onset is in the 4th decade 
of life and is characterized by spontaneous bi- 
zarre involuntary muscle contractions and writing 
movements, a progressive loss of memory and 
other intellectual functions (dementia). 

Hydatidiform mole (mammals): An intrauterine 
cystic mass resulting from the proliferation of tro- 
phoblast (i.e. cells contributing to the formation 
of the placenta). 

Hypaxial musculature (vertebrates): Muscles of 
the abdominal wall and limbs. 

Hyperplasia: An increase in the number of cells 
(excluding tumourigenesis) in a tissue or organ 
resulting in an increase in organ size. 

Hypha: A filamentous multicellular structure, re- 
sulting from end to end arrangement of cells, that 
forms the main tissue in many fungal species. 
Plural: hyphae. 
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Hypomorph: An allele with reduced function. 

Hypoplasia: A decrease in the number of cells in a 
tissue or organ resulting in an decrease in organ 
size. 

Hypotonia: Diminution or loss of muscular tonic- 
ity. 

Idiomorphs: Genes occupying an identical chromo- 
somal locus, yet with no recognizable sequence 
homology. 

Immediate early genes (circadian rhythms): 
Genes that are rapidly activated in response to 
external chemical or physical stimuli and whose 
activation does not require protein synthesis. 

Imprinted gene (mammals): A gene that func- 
tions differently depending on whether it is of pa- 
ternal or maternal origin. Imprinted genes in di- 
ploid mammalian cells are generally expressed 
from only one allele. 

Infection thread: Tubular ingrowth of plant cell 
wall and plant cell membrane enclosing Rhizo- 
bium bacteria embedded in an extracellular ma- 
trix. The colonization pathway for rhizobia when 
entering in symbiosis with legume hosts. 

Inflorescence meristem: Partly programmed mer- 
istem (q.v.) that gives rise to a series of floral 
meristems. 

Lateral meristem (plants): See axillary meristem. 

Instar: In insect larvae, the stage between two 
molts. 

Laminin: A family of multimeric proteins, one of 
the major constituents of vertebrate basement 
membranes, containing three disulfide-bonded 
units, a, P, and y, which can polymerize and bind 
to cell-surface receptors. 

LIM-domain transcription factor: A transcription 
factor containing LIM domains, named for their 
occurrence in LIN-11 (C. elegans), ISL-1 (rat) and 



MEC-3 (C. elegans) proteins. LIM domains are 
thought to mediate protein-protein interactions, 

Lima bean stage: Embryonic stage in C. elegans, 
after completion of cell division and just before 
elongation into a worm, when the embryo devel- 
ops a ventral notch. 

Low-stringency zoo blots: A method for identify- 
ing evolutionarily conserved DNA sequences 
whereby genomic DNA from different species is 
Southern blotted and different fragments of DNA 
from one species are used as probes to determine 
which will hybridize to sequences in the others. 

Maternal (effect) gene: A gene the product of 
which is required for embryonic development, but 
which is transcribed by the mother during oogen- 
esis. 

Maxillary palps: Elongate projections from the 
second mouth appendages (maxillae) of insects. 

Megagametogenesis: Generation of female ga- 
metes starting from the megaspore, the surviving 
product of female meiosis in plants (cf. micro- 
spores, microgametogenesis for male meiotic 
products). 

Merkel neurons (vertebrates): Sensory neurons 
that innervate Merkel end organs and transduce 
mechanoreception. 

Meristem (plants): Spatially well- organized group 
of cells with the capacity to proliferate and to give 
rise to primordia (q.v.). 

Mesenchyme (animals): Loose connective tissue, 
usually of mesodermal origin, whose cells are 
capable of migration. 

Micropylar pole (plants): One pole of the flower- 
ing plant ovule. This pole is at the opposite end 
of the ovule to the chalazal pole (q.v.) and is 
identified by the location of the micropyle, the 
structure through which pollen tubes grow to ef- 
fect fertilization. 
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Morphogen: A substance active in pattern forma- 
tion whose spatial concentration varies and to 
which cells respond differently at different con- 
centrations. 

Morphogenetic gradient: A morphogen distribu- 
ted in a gradient which provides positional infor- 
mation according to its local concentration (e.g. 
bicoid in Drosophila). 

mperl (2,3): Murine period 1 (2,3) gene. 

Myb domain: Class of DNA-binding motif first 
discovered in v-Myb, the oncogene of avian mye- 
loblastosis virus. Plants contain large numbers of 
Myb-class transcription factors. 

Myoblast (vertebrates): Mononucleated myogenic 
cell capable of proliferation and eventually differ- 
entiation to become a myotube (q.v.). 

Myotome (vertebrate embryos): The ventral part 
of the dermamyotome (q.v.) which will form the 
body wall and limb muscles. 

Myotube (vertebrates): Post-mitotic differentiated 
muscle cell containing multiple nuclei and ex- 
pressing proteins that make up the sarcomeric 
contractile apparatus. 

Neural plate: The neural primordium in verte- 
brates. 

Neurotrophic factor (vertebrates): Endogenous 
peptides which trigger neuronal survival and dif- 
ferentiation through interactions with plasma 
membrane receptors. 

Nidogen: A major protein component of verte- 
brate basement membranes. 

Nodule: An organized outgrowth of plant tissue. 
In the case of legume root nodules, they may 
have either an uninfected apical meristem (q.v.) 
(indeterminate type) or an infected central meris- 
tem (determinate type). 

Nodulin (plants): Gene products expressed strongly 
in legume nodules. 



Noradrenergic neurons: Neurons using noradren- 
aline (also called norepinephrine) as neurotrans- 
mitter. 

Notochord (chordates): Tubular structure under- 
lying the neural tube that plays a key role in pat- 
terning of the embryo. 

Notum: The dorsal plate (tergum) of the thorax in 
insects. 

Nucellus (plants): Nutritive tissue associated with 
the embryo of monocotyledons; originates by 
modification of the ovary wall during seed devel- 
opment. 

Nucleocytoplasmic domain (plants): Mass of cy- 
toplasm organized by filaments of the cytoskele- 
ton emanating from one nucleus within a coeno- 
cyte (q.v.), which predicts cell wall boundaries 
during cellularization. 

6-OHDA: 6-hydroxydopamine, a derivative of the 
neurotransmitter dopamine that is selectively 
taken up by dopamine- and noradrenaline- con- 
taining neurons and causes the death of neurons 
by generating free radicals and reactive oxygen 
species. 

Otic epithelium (vertebrates): Epithelium which 
forms the inner ear labyrinth and from which the 
cells of the inner ear originate including the sen- 
sory end-organs, i.e. the hair cells. 

Pair-rule gene: Zygotic gene (q.v.) required for 
the formation of alternating segments in the Dro- 
sophila embryo. 

Parkinson’s disease: Neurodegenerative disease 
that affects 1% of the human population over 50 
years of age. The cause of the disease is unknown 
but results in the loss of neurons in many brain 
regions. Clinically, the disease is characterized by 
a slowness of movements, muscle rigidity, tremor 
during rest and impaired postural reflexes. 

PAS domain: A specific proteimprotein interaction 
domain. Its name is derived from the initial let- 
ters of the first three proteins which were found 
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to contain this domain. The three proteins are Per 
(Period, Drosophila)y ARNT (Arylhydrocarbon re- 
ceptor nuclear translocator, mammalian) and Sim 
(Single-minded, Drosophila). 

Pedicel (plants): Maternal tissue to which the seed 
is attached, which connects it to the mother plant 
supportive structure and vascular system. 

per: Drosophila period gene, encodes a PAS do- 
main (q.v.) protein. 

Pericarp (plants): Fruit wall of maternal origin. 

Periclinal division (plants): Cell division in which 
the cell plate (q.v.) forms parallel to the outer sur- 
face of a cylindrical plant organ. These divisions 
increase the transversal size of the organ. 

Pericycle (plants): A single layer of cells immedi- 
ately inside the root endodermis (q.v.). Cells of 
the pericycle can sometimes recover meristematic 
(q.v.) activity. Lateral root primordia (q.v.) origi- 
nate from the pericycle. 

Perithecium: A hollow, spheroidal fungal sexual 
fruiting body (ca. 100-300 pm) which opens to 
the exterior via an ostiole. Ascospores (q.v.) 
develop within sacs (asci) residing in the peri- 
thecium. 

Perlecan: A proteoglycan found in basement 
membranes of vertebrates and C. elegans, where it 
is encoded by the unc-52 gene, which functions 
in the muscle attachment to hypodermis, and is 
required for correct embryonic morphogenesis. 

Phloem: The component of the vascular system 
consisting of sieve-tube elements which conducts 
sugar and other substances and connects plant or- 
gans. 

Phototropism: Oriented growth response elicited 
by light in fungi and plants. 

Phragmoplast: A set of microtubules formed dur- 
ing plant cell division that guides vesicles to the 
site where the new cell wall is forming. 



Pick’s disease: Rare human neurodegenerative 
disease which is clinically indistinguishable from 
Alzheimefs disease (q.v.), but leads to death in 
shorter time (7 years). 

Plasmodesmata (plants): Cytoplasmic connections 
between adjacent plant cells. 

Pole plasm, pole cells: At the posterior pole of 
the Drosophila egg, a clear zone can be discerned, 
the pole plasm. Nuclei migrating into this region 
during syncytial blastoderm (q.v.) formation are 
determined to become germline. They form the 
pole cells which cellularize prior to the remaining 
blastoderm cells and later migrate into the gonad 
primordia. 

Positional information: Information that allows 
cells to adopt differential fates according to their 
position within a primordium (q.v.). Usually, it is 
assumed that this information is provided by 
morphogenetic gradients whose local concentra- 
tion is sensed by the cells. 

Posterior system (posterior group gene): Mater- 
nal genes (q.v.) required for formation of abdom- 
inal segments of the Drosophila embryo. These 
genes establish the posterior signal, the nanos 
gradient. Many posterior group genes are also in- 
volved in forming the pole plasm (q.v.), which is 
required for germline differentiation. 

Prader-Willi syndrome: A disorder in humans 
caused by loss of expression of imprinted genes 
(q.v.) normally transcribed from the paternally in- 
herited copy of chromosome 15. Characteristics 
include short stature, mental retardation and in- 
ability to control eating, hence marked obesity. 

Primordium: A group of undifferentiated cells 
from which a particular structure or organ will 
develop. 

Progressive supranuclear palsy: Neurodegenera- 
tive human disorder that results in neuronal loss 
leading to disturbances of balance and unex- 
pected falls, rigidity of the trunk and neck, pro- 
gressing to a complete palsy. 
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Prolamin (plants): Plant protein class defined by 
its solubility in 70% ethanol; term usually re- 
served for seed storage proteins of this solubility 
type. 

Propagule: A disseminative unit of an organism 
(e.g. in fungi: spore, conidium, hyphal fragment). 

Proteoglycan: Proteins characterized by a protein 
core carrying at least one glycosaminoglycan side 
chain; major constituents of vertebrate basement 
membranes. 

Protoperithecium: A spherical structure com- 
posed of hyphae (q.v.) produced by Neurospora, 
After fertilization it develops into a perithecium 
(q.v.). 

Protoxylem: The first-formed and smallest of the 
lignified elements which conduct water within the 
plant vascular system. 

Pseudocoelom: In nematodes, the fluid-filled 
space between the outer ectodermal-mesodermal 
layer and the inner tube of the endoderm, which 
maintains the worm’s shape by hydrostatic pres- 
sure; the adjacent cell surfaces are covered with 
extracellular membranes. 

Pseudopod (“false foot”; Latin) (Dictyostelium): 
A tube-like cellular extension that encompasses 
the plasma membrane and underlying cytoplasm 
in one part of the cell. Selective pseudopod exten- 
sion at the front of a cell directs its amoeboid 
movement in that particular direction. 

Purkinje cell layer (vertebrates): Cell layer of the 
cerebellar cortex, composed by a single row of 
large pear-shaped neurons with exuberant apical 
dendritic trees, called Purkinje neurons. 

Rho-binding Ser/Thr kinase: A kinase that phos- 
phorylates protein substrates at serine or threo- 
nine residues, and is itself activated by a GTPase 
of the Rho family of small GTP-binding proteins 
(e.g. Rho, Rac, Cdc42). 

Rho-GTPase signalling cascade: An intracellular 
regulatory pathway involving sequential and 



linked activation of a series of kinases, often in 
response to an extracellular signal, in which at 
least one kinase is a member of the Rho family of 
small GTPases (e.g. Rho, Rac, Cdc42). Such path- 
ways have been shown to play important roles in 
cell motility and cell shape changes in yeast, in- 
vertebrate, and vertebrate systems. 

Root apical meristem: Meristem (q.v.) located at 
the tip of a growing plant root. 

Sclerotome (vertebrates): Mesenchyme (q.v.) cells, 
derived from somites, which migrate towards the 
notochord (q.v.) and form the vertebral column. 

Segment polarity genes: Zygotic genes required 
for the determination and maintenance of all seg- 
ment primordia in the Drosophila embryo. If such 
genes are mutated, the resulting embryos often 
display mirror-image duplications of remaining 
structures in each segment. 

Sensilla: The multicellular sensory structures of 
the insect peripheral nervous system, usually con- 
taining one or more sensory neurons clustered 
with other cells, such as bristle, socket and glial 
cells. 

Shoot apical meristem (plants): Meristem (q.v.) 
located at the tip of a growing shoot. 

SI-SV neuroblasts {Drosophila): Different sub- 
populations that delaminate (see delamination) 
consecutively. Characterized by their relative posi- 
tion and by the expression of specific marker 
genes. 

Silver-Russell syndrome: A human disorder char- 
acterized by low birth weight, bilateral body 
asymmetry and digital and facial anomalies. 

Slow-twitch fiber (vertebrates): Muscle fiber dis- 
playing mechanical and biochemical properties of 
slow or white muscle. 

Somite: In vertebrate embryos, one member of a 
series of paired structures into which the thick- 
ened dorsal zone of mesoderm is divided. 
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Sparc or osteonectin: An anti- adhesive basement 
membrane-associated glycoprotein that can modu- 
late the interaction of cells with extracellular 
membranes. 

Sph-box: Target sequence (matching recognition 
site for Sphl restriction enzyme, GCATGC) for 
DNA-binding factor(s), conserved in many plant 
promoters active in seeds. 

Starchy endosperm initial (plants): Founder cell 
for starchy endosperm. 

Stele: The central vascular cylinder of the plant 
root, enclosed by the endodermis (q.v.). 

Suberization (plants): Modification of cell wall 

by deposition of suberin, a polyester of hydroxy 
and aromatic fatty acids (e.g. ferulic acid), usually 
found in sealing layers such as epidermis or root 
cells. 

Supernumerary embryo (plants): Additional em- 
bryo present in the plant embryo sac besides the 
usual, single zygotic product. 

Symbiosome: An organelle-like structure evident 
in case of endosymbiosis. In the Rhizobium- 
legume symbiosis, bacteroids are enclosed either 
singly or in small groups within a plant-derived 
peribacteroid membrane. 

Symplastic route (plants): Solute transfer between 
cells via intercellular cytoplasmatic connections 
(plasmodesmata, q.v.). 

Syncytial blastoderm: Insect embryos develop ini- 
tially as a syncytium (q.v.). Prior to cellulariza- 
tion, most of the nuclei migrate towards the sur- 
face of the egg cell where they form a single layer, 
the syncytial blastoderm. 

Syncytium: A single cell containing many nuclei. 

Synteny: The conservation of chromosome seg- 
ments between species, such that homologous 
genes which are linked in one species will also be 
linked in the other. 



Terminal system (terminal group genes): Mater- 
nal genes determining the primordia (q.v.) at 
both poles of the Drosophila embryo. These genes 
form a signal transduction cascade which is acti- 
vated at the termini of the blastoderm (q.v.). 

TGF-)8: Transforming growth factor p. 

Thallus: Simple, vegetative plant body, showing 
no differentiation into root, stem and leaf. 

Thigmotropism: Growth response elicited by con- 
tact with solid surfaces. 

tim: Drosophila timeless gene, encodes a protein 
that dimerizes with the PER protein (q.v.). 

Transposon tagging: Isolation of a gene by first 
screening for a mutant made by the insertion of a 
characterized transposon into the locus, followed 
by cloning of this gene using the transposon DNA 
as probe. 

Trichogyne: The receptive hypha of the female 
reproductive organ (e.g. protoperithecium) in cer- 
tain ascomycete fungi. 

Turner syndrome: Syndrome shown in humans 
by females containing only one X chromosome. 
The rate of incidence is about 1/5000 female 
births. Anomalies include dwarfism, webbed neck, 
and amenorrhea. The ovary has no primary folli- 
cles and regresses during development, resulting 
in failure of secondary sexual development. 

Two component signal transduction systems: In 
their simplest form, these consist of a sensory 
histidine kinase that transfers a phosphate from a 
histidine residue to an aspartate residue on a 
second protein called the response regulator. The 
response regulator then controls the activity of an 
effector protein. 

UAS region: The upstream activation sequence of 
DNA which acts as a target for the GAL4 tran- 
scription factor. 

Vitelline membrane: A sturdy and chemically 
resistant envelope around the Drosophila egg. 
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This largely proteinaceous envelope also contains 
wax layers that protect the embryo from desicca- 
tion. 

WGATAR sequence: (A/T)GATA(A/G) DNA se- 
quence found upstream of coding sequences and 
binding a transcription factor of the GATA class 
(q.v.). 

Wingless/wnt signalling pathway: Pathway which 
functions to regulate pattern formation in higher 
eukaryotes. The wnt proteins act as diffusible ex- 
tracellular signalling molecules that help direct 



cellular differentiation by regulating a signal 
transduction pathway that contains GSK-3 (q.v.). 

Zeitgeber time: Time elapsed since light (= Zeit- 
geber) was turned on. 

Zygomorphic: The structure of flowers showing 
bilateral symmetry. Snapdragon flowers are zygo- 
morphic. 

Zygotic gene: A gene which is transcribed from 
the genome of the zygote, the product of which is 
required in the developing embryo. 
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